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Knowledge of the fate and transport of chlorinated benzenes is necessary at certain sites 
for effective remediation of contaminated soils using plants. Current research is examining the 
capability of wetland plants to catalyze degradation or attenuate migration, but again requires 
knowledge of the uptake of contaminants from an aqueous environment. A two stage model was 
used to estimate the rate of uptake of contaminants from sediments. The first stage of the model 
predicts pollutant leaching rates from sediments to the overlying water, which would then be fed 
into the plant or bioreactor model systems. In this study the flux from contaminated sediments 
into the overlying water is simulated by using a diffusive transport model. This flux is used to 
calculate the aqueous phase concentration, coming out of the bed, then fed into a plant reactor. 
Concentrations coming out of the bed and plant reactor are both measured. A mathematical 
model was suggested and developed for the plant or bio-reactor which incorporates the transport 
model thus being able to accurately predict the buffering potentials of willows on chlorinated 
benzenes. This model was used to estimate the buffering effect of willows on sediments 
contaminated with lower chlorinated benzenes in Baton Rouge Bayou, near the Petro Processors, 
Inc. Superfund site. The model predictions were calibrated and verified against laboratory work. 
This model is then scaled up to determine the uptake. Uptake rates for willows based on 
retention times were estimated for different flow conditions of bayou (slow, fast and cyclic). The 
uptake rate for 1.34 acres of the study area was found to be 3.8 kg/year, highest   for fast flow 
conditions while for slow and cyclic flows it was found to be 3.62 and 3.01 kg/year. The average 
total contaminant uptake for 100 acres for 20 years is estimated to be around 1.56 tons/year. The 
models used here adequately fit the lab data based on paired t test and correlation coefficient. 
This model can be used at similar sites in other places and for different compounds. 
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1 Introduction 
Petro Processors, Inc. (PPI) used two sites for waste disposal from 1961-1980, located in 
East Baton Rouge Parish. During this time approximately 320,000 tons of waste was disposed in 
unengineered and uncontrolled pits. Chlorinated hydrocarbons (hexachlorobutadiene and 
hexachlorobenzene), polycyclic aromatic hydrocarbons, heavy metals and oils are the principal 
contaminants at both sites (US EPA, 2000). Remedial action was proposed for the PPI sites. A 
new remedy for the site was developed (Supplemental Remedial Action Plan (SRAP)) that does 
not involve excavation of the materials, but rather the pumping and treatment of groundwater 
and liquid waste by incineration. A clay cap was also constructed over the upper lagoons of the 
Brooklawn and Scenic site. The remedial action also involves installation of monitoring wells, 
French drains and recovery wells. The recovery wells and the French drains are also in place to 
recover contaminated groundwater. The current remedy relies heavily on Monitored Natural 
Attenuation. Baton Rouge Bayou was rerouted during remedial activities to flow around not 
through both sites and finger into Devil’s Swamp, which is situated adjacent to the PPI site and is 
tied directly into the Mississippi River. Lagoon berm failures and migration of contaminants over 
the years have led to contamination of certain areas of the Baton Rouge Bayou sediment. The 
contamination from overflows has also been found in Devil’s Swamp, as high as 100,000 mg/kg. 
While remediation activities have been planned for both the sites, the contamination of Devil’s 
Swamp has created potential problems in the area. Contaminants found in the sediment, such as 
hexachlorobenzene and its daughter products, could pollute downstream wetlands. However, the 
vast number of willows (trees from the Salicaceae family) and other plant life in Devil’s Swamp 
may provide a phytobuffering effect by uptaking and or sequestering the organics and possibly 
transforming them within the tree or transpiring them through leaves. The root system of willows 
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can also provide oxygen, bacteria, and organic carbon that are essential for the degradation of 
organics to occur in the rhizosphere. In this mathematical model study all possible sinks were 
pooled together in an attempt to determine the phytobuffering capacity of willow tree groves in 
Devil’s Swamp. This study focuses on developing a model for the fate and transport of mobile 
HCB degradation products from contaminated sediments into surface water and interfacing 
willow trees. The study simulates the desorption of the chemical from the contaminated sediment 
into the pore water. Finally it then simulates the transport of the chemical from pore water to 
surface water by incorporating advection and diffusion. It then simulates the phytobuffering of 
willow trees on mobile HCB degradation compounds before they travel downstream. The 
simulation model is designed for PC use and is calibrated from earlier laboratory data presented 
by Jones (2001) and Blad (2001). Their math models were  merged and modified to improve 
simulation results. 
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2 Literature Review 
2.1 Petro Processors, Inc. 
Petro Processors, Inc. is situated about ten miles north of the city of Baton Rouge. Two 
sites, the Scenic site and the Brooklawn site (named for nearby roads) were used for disposal of 
petrochemical waste between 1961- 1980.The Scenic site is located just west of US Highway 61 
and north of the intersection of US Highway 61 and Scenic Highway 964. The Brooklawn site is 
located west, southwest of the Scenic location on Brooklawn Drive. Baton Rouge Bayou 
meanders around the two sites and drains into Devil’s Swamp, which is large wetland area, tied 
to the Mississippi River. The Scenic site was used as a waste disposal site between 1961-1974. 
After the site was filled to capacity, the Brooklawn site was used for waste disposal. The waste 
was mostly comprised of toxic sludge and also solid waste (Acar et al., 1995; US EPA, 2000). 
The waste was disposed of at both sites in un-engineered and uncontrolled open pits. An 
estimated 320,000 tons of waste was disposed at these sites (Acar et al., 1995; US EPA, 2000). 
Both the Scenic site and the Brooklawn site lie in Baton Rouge Bayou floodplain. The bayou 
floodplain at Brooklawn is also on the Mississippi’s flood plain. The portion of Mississippi’s 
flood plain, which is south of Brooklawn, is also a wetland (US EPA, 2000). Initially Baton 
Rouge Bayou flowed through these sites but it was rerouted to flow around the sites during 
remediation activities. 
Both Scenic and Brooklawn consist of two types of terrain, namely upland terrace and 
lower floodplain (Acar et al., 1995). The upland terrace or bluff consists of soils, which are 
mostly made of consolidated clayey silt to silty clay marine deposits. The lower floodplain or 
“batture” consists of alluvial soils and is underlain by intermittent clays to sands. Near the 
surface of the batture are low permeability silty clays and clays with more permeable sands at 40 
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feet below mean sea level. The top of the .four hundred foot aquifer is encountered typically at 
150 ft below the surface. This aquifer is used for industrial water supply in the Baton Rouge area 
(Acar et al., 1995; US EPA, 2000) 
As stated earlier, an estimated 320,000 tons of waste from industry was dumped at the 
PPI sites. The site’s principal pollutants are petrochemical wastes such as chlorinated 
hydrocarbons, (hexachlorobutadiene and hexachlorobenzene) polycyclic aromatic hydrocarbons 
(PAH’s), heavy metals and oils. Higher rates of waste migration were observed even in areas far 
from the original disposal area because of the presence of highly permeable soils in the batture 
area. It has also been found that contaminants have also migrated vertically with depths reaching 
up to 30 feet. 
2.2 Chlorinated Benzenes 
One of the principal constituents at PPI site is hexachlorobenzene (HCB). The free phase 
concentration of HCB was found to reach as high as 80,000 mg/kg at some hotspots at the 
Brooklawn site. HCB was widely used as pesticide till 1965. It was also used to make fire works, 
ammunition and synthetic rubber. It is a byproduct during the production of other chemicals, 
being the waste streams of chloroalkali and wood preserving plants, and is also found when 
burning municipal waste. 
HCB is white crystalline solid that is not easily soluble in water. HCB exhibits moderate 
to strong binding properties with soil (ASTDR, 2001). Due to its low solubility, HCB is expected 
to be highly immobile, but because of the highly persistent nature of HCB even small mobility 
may result in considerable contamination (ASTDR, 2001) and  may pose a significant risk for 
nearby groundwater. It has also been found that HCB degrades into daughter  products including 
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monochlorobenzene, 1,3 and 1,2 dichlorobenzene, and 1,2,4 dichlorobenzene (Pavlostathis and 
Prytula, 2000). Properties of these chemicals are listed in Table 2.1. 
Monochlorobenzene (MCB) is one of the daughter products of the degradation of HCB, 
Having  single ring with one chlorine ion and the empirical formula is given by C6H5Cl. MCB is 
colorless liquid with an aromatic odor. It is relatively mobile in sandy soil and aquifer material 
and biodegrades very slowly (OGDW, 2001). In surface water MCB is estimated to have a half-
life of 21 days for spring (8-16°C), 4.6 days summer (20-22 °C) and 13 days for winter (3-7°C) 
(Montgomery, 2000). 
1,3 dichlorobenzene (1,3 DCB) and 1,2 dichlorobenzene (1,2 DCB) are the daughter 
products of HCB with chlorine ions attached at the meta and para positions respectively. They 
are given by the empirical formula C6H4Cl2. DCB is colorless and has an aromatic odor. Based 
on its Koc values when released into water, adsorption to sediment will be a dominant 
environmental fate process (OGDW, 2001). Its half-life in groundwater is estimated to be 11.55 
days (Montgomery, 2000). 
1,2,4 trichlorobenzene (1,2,4TCB) is the fourth daughter product that is studied herein. 
TCB has three chlorine ions attached to the first, second and third carbon atoms of the benzene 
ring   and the empirical formula is C6H3Cl3. It is also a colorless and aromatic liquid. When 
released into soil 1,2,4 TCB is most likely sorbed to the soil and should not leach significantly 
into groundwater. It is also found that some groundwater samples have shown traces of TCB, 
most likely having occurred by actual physical transport process (OGCDW, 2001). If released to 






Table 2.1 Physical and chemical properties of chlorinated benzenes 
 
 MCB 1,3 DCB 1,2 DCB 1,2,4 TCB 
Chemical formula C6H5Cl C6H4Cl2 C6H4Cl2 C6H3Cl3 
Average Molecular Weight 112.56 147 147 181.45 
Purity 99.8% 98% 99% 98% 
Boiling Point °C 132 173 180.5 213.5 







g  1.1065 1.288 1.3048 1.4542 
Vapor Pressure, mm Hg 11.86 1.9-2.3 1.5 0.29-0.4 
Solubility in water25°C (mg/l) 500 125 0.08936 48.8 
Vapor Density 4.60 6.01 6.01 7.42 
log Kow 2.65-2.98 3.38-3.60 3.29-3.75 3.63-4.23 
log Koc  2.10 2.23 2.44 2.73 
Henrys Constant 3.11-3.93 1.8-2.6 1.2-1.9 0.997-2.32 
Diffusion coefficient 610− ( )sec2cm  9.09 8.33 8.33 7.75  
 
2.3 Environmental Concerns 
Various concerns for human health and the environment exist at the PPI sites. Early in the 
life of the sites there were several incidents of surface fires due to spontaneous ignition. There 
are also concerns for groundwater contamination. Thirty cattle were killed at a nearby ranch due 
to contamination from overflow of waste (Acar et al., 1995). The “400 ft aquifer” is situated 
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under the sites and used as a source for industrial water supply. Contamination of this supply is 
of great concern to the surrounding communities ,industries and regulatory agenicies. 
Brooklawn and Scenic sites are located within the Mississippi River flood plains, thus 
being a cause of concern during high water flows. Baton Rouge Bayou flows aroundthe two sites 
and ultimately flows into Devil’s Swamp. Devil’s Swamp is a wetland that is used for hunting 
and fishing and is currently under a state health advisory. 
Hexachlorobenzene and the four daughter products studied pose multiple risks to human health 
and environment (OGDW, 2001). MCB in animals at high concentrations has shown effects in 
the brain, liver and kidneys. Unconsciousness, tremors and restlessness have also been observed. 
1,3 DCB has been known to affect the cardiovascular and gastrointestinal system, the kidneys 
and the respiratory system. 1,2 DCB is known to cause damage to the nervous system, liver, 
kidneys and blood cells. 1,2,4 TCB damages liver, kidneys and adrenal glands. There is 
sufficient evidence to show that the HCB and its four daughter products are carcinogenic. 
 
2.4 Remediation Strategies 
In July 1980, The United States, the State of Louisiana, and the City of Baton Rouge filed 
a lawsuit against Petro Processors, Inc. and several generators who dumped materials at the sites. 
A consent decree (CD) for cleanup of the site was obtained. The CD also required the defendants 
to design and implement a remedial action. The remedy called for excavation and solidification 
of all visible contamination at the site and subsequent placement into an onsite landfill with 
appropriate liner and leachate collection system. In addition, recovery wells were to be installed 
and operated in those areas where free phase organic liquids are present. During the early phase 
of these remedial activities, airborne release of volatile organics wastes was detected. After a 
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thorough investigation it was determined that it was not possible to continue the removal remedy 
without additional volatile releases. As a result, various alternatives were investigated which 
included in-situ volatilization, bioremediation, incineration, solvent extraction, in-situ 
solidification and capping,but it was found that ‘hydraulic containment and recovery’ was the 
only technology that could be employed due to the risk of  release of  volatiles associated with 
the implementation of other technologies. The remedy called for covering the sites with a clay 
cap and installation of a system of containment wells and finally an onsite incinerator to destroy 
organics and treat vapors.. 
 Wells were placed at 12m spacing and were pumped at a rate of 2.3liters/minute, and 
should be monitored for a period of 30 years after the pumping has ceased. If the contaminant 
concentrations reach a trigger levels then pumping is to be resumed. An estimated one billion 
liters of contaminated water is expected to be stripped in a period of five year closure period 
(Acar et al., 1995). It should be noted that this remedy is currently being phased out in favour of 
monitored natural attenuation (MNA). Monitored Natural Attenuation has been developed over 
the last 10  years at the site in conjunction with  Battelle and LSU and  appears  viable at  that 
time. 
Coupled with the MNA remedy at the PPI site, the use of plants to mitigate shallow 
contamination of the Baton Rouge Bayou sediment near the sites is being investigated. Plants 
may thus provide a buffer zone to retard migration of contaminants down stream by uptake of 
organics in the surface water, and degradation of organics in the rhizosphere. To develop the 
model a brief review of plant contaminant interactions is given below. 
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2.5 Phytoremediation 
Phytoremediation is a diverse and emerging technology that uses plants to clean up 
contaminated media. It has been recognized as a technology that can be applied in-situ and ex-
situ to contaminated soil, sediment sludge, groundwater, surface water and waste water. The 
evapo-transpiration process of vegetation can be harnessed as an alternative cover method to 
reduce landfill infiltration. Phytoremediation can be an effective technology to address both 
organic and inorganic constituents. Plants remediate organic compounds through several 
mechanisms. Organics can be taken up directly from the rhizosphere (defined as a zone of 
increased microbial activity at the root- soil interface that is under the influence of the plant root) 
and either metabolized by the plant, accumulated in the plant tissue, or transpired through the 
leaves (Schnoor et al., 1995 and Newman et al., 1999). Organics are also taken up directly by 
plants and either accumulated, metabolized, or transpired through leaf tissue. The fate of 
organics and inorganics in the rhizosphere and the corresponding tendency of these constituents 
to be taken up by plants, can be predicted using the logarithm of the octanol-water partition 
coefficient (Kow) of the particular constituent. According to Brigg’s Law (Briggs et al., 1982) 
Direct uptake of organics is an efficient process to remove moderately hydrophobic constituents, 
with a log Kow ranging from 0.5 to 3.0. Organics within this range may include many of the 
volatile organic compounds including benzene, toluene ethyl benzene, xylene, chlorinated 
solvents. such as trichloroethylene (TCE) and aliphatic. Constituents with log Kow less than 0.5 
are too water soluble to be  taken  up by the roots and constituents with log Kow greater than 3.0 
are bound too tightly to  the soil particles or  roots to be up taken by the plant. Some of the 
organic compounds with log Kow less than 0.5 include methyl tertiary butyl ether (MTBE) and 
1,4 dioxane. Constituents with log Kow greater than 3.0 include most polycyclic aromatic 
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hydrocarbons (PAH’s).Briggs law predicts the following (Table 2.2) mechanisms depending on 
Kow. 
 
Table 2.2 Organic fate predictions using Brigg’s law 
 
Log Kow Mechanisms 
<1.0 Possible uptake and transformation 
1.0-3.5 Uptake, transformation , volatilization 
>3.5 Rhizosphere bioremediation or phytostabilization
 
Plants have shown the ability to survive higher concentrations of hazardous wastes than 
most microorganisms to remove, degrade, transport, or contain contaminants. Organic 
contaminants are taken up and converted into less toxic compounds. Plants have also been used 
to treat compounds that are considered plant nutrients, such as nitrate, ammonium and phosphate 
by direct uptake and mineralization to CO2. The application of phytoremediation will be site 
specific and can be applied only once research has been done on the specific case. 
Five types of phytoremediation can be used depending on site, soil and contaminant 
characteristics. The different types of phytoremediation are phytotransformation, rhizosphere 




Phytotransformation is the uptake and subsequent transformation of organic and nutrient 
contaminants by plants. The use of phytotransformation as remediation will depend upon the 
availability of contaminants, transpiration rate of the plant and accumulation of metabolites in 
plant tissues (Schnoor, 1997). Phytotransformation can be an efficient removal mechanism for 
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contaminants which are moderately bound  to organic chemicals, i.e., if their  log octanol-water 
partition  coefficient lies between 3.5 and 1.0 
 
2.5.2 Rhizosphere Bioremediation 
 
In rhizosphere bioremediation, degradation of organic chemicals in the soils is 
encouraged by increases in soil organic carbon, bacteria and fungi in the rihzosphere (Schnoor, 
1997) .The root systems of plants provide an ideal environment for growth of a diverse group of 
microorganisms. The roots not only degrade organic contaminants but also create an aerobic 
system, which aids certain microorganisms. The microorganisms together with the roots of the 
plant can lead to greater decay of contaminants than could occur in a pure microbial system. 
(Voulillamoz and Mike, 2001). Rhizosphere remediation has been shown to work even for 
tightly bound chemicals. Plant enzymes, nitroreductase and lactase, have been studied for their 
ability to break down munitions manufacturing waste (2,4,6-trinitrotoulene and others) and 
incorporate the broken ring structure into the new plant material or organic matter. 
Dehalogenase, another plant enzyme, has been able to reduce TCE (trichloroethylene) and other 
chlorinated solvents to chloride ions, carbon dioxide and water (Schnoor  et al., 1995).  
 
2.5.3 Phytostabilization  
 
Holding contaminated soils and sediments in place and the immobilization of toxic 
contaminants in soil by vegetation is phytostabilization (Schnoor, 1997). The stabilization of 
contaminants can be achieved through a number of plant and soil processes including adsorption 
and accumulation by roots, adsorption onto roots and precipitation into the rhizosphere. 
Phytostabilization of inorganics in soil can be achieved by the addition of soil with amendments 
that reduce the contaminant solubility. For example, lead solubility in soil was reduced by adding 
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alkalizing agents, phosphates, making it unavailable for plant uptake (Cunnigham et al., 1995). 
Phytostabilization also refers to the physical process of establishing a vegetative cover on sites 
that do not have natural vegetation. Phytostabilization is especially used in the field of mining, 
especially to prevent windblown contaminants, which pose a threat to human health (Pierzynski 
et al., 1994). Phytostabilization reduces the mobility of the contaminant, prevents migration into 





Phytoextraction is the uptake and translocation of organics and inorganics from the soil 
into the roots and aboveground portions of the plant. Organics that are extracted are thereafter 
degraded within or volatilized from the plant tissue. Inorganics that are extracted accumulate and 
subsequently degraded or volatilized from within the plant tissue (Nyer et al., 2000). Inorganics 
such as metals are most likely to accumulate in the roots and shoots, thus are relocated from soil 
or water to the plant tissue. Plants that specifically accumulate metals in the roots and above 
ground shoots and leaves can be used for phytoextraction. There are two factors that should be 
considered while using phytoextraction. The first is the amount of metal that a plant accumulates 
in the tissue to the soil. The second consideration is the amount a plant produces in terms of dry 
matter that is harvestable each season. The extracted metals are contained in dry matter, which is 
then harvested and can be disposed of as hazardous waste. Plants that grow in environments with 
high concentrations of metals can either adapt to accumulate the metals or exclude, or avoid the 
metals. Hyperaccumulators avoid the toxic effects of metals by binding the metals to the cell 
walls or by complexing heavy metals with organic acids. (Azadpour and Matthews, 1996) and 
(Pierzynski et al., 1994). Plants that exclude metals may absorb heavy metals, but restrict their 
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transport to the shoots of the plants. This type of heavy metal tolerance does not prevent uptake 
of heavy metals, but restricts translocation and detoxification of the metals (Taylor, 1987). 
Organics once extracted by the plant, tend to be broken down and metabolized or volatilized 
from the leaf tissue. Brigg’s Law estimates if the organics are extracted by the plant. According 
to Schnoor (1997), cadmium, nickel, zinc, arsenic, selenium and copper are metals found readily 
available for phytoextraction. Metals such as cobalt, manganese and iron are moderately 
available for extraction. Lead, chromium, and uranium are not available for extraction. In studies 
of hybrid poplar trees for heavy metal extraction, leaf samples of trees were determined to have 
high levels of  zinc, up to 4500 mg/kg-dry wt. (Gatliff and Nyer, 1996) Lead was even shown to 
be removed by Brassicajunacea (Indian Mustard) with the addition of ethylenediaminetetraacetic 
acid(EDTA) to the soil. EDTA solubulizes lead and makes it available for plant uptake. With the 
use of EDTA, shoot lead concentrations of 5400 mg/kg were achieved in the greenhouse 
experiments. Before field trails began, 40 % of the selected areas exceeded target lead 
concentrations of 400 mg/kg, and 7% exceeded 1000 mg/kg. After three phytoremediation crops 
only 28% exceeded the target concentrations and two square meters of the treated exceeded 600 




Rhizofiltration is the use of plants to sorb, concentrate and precipitate metal and organic 
contaminants from groundwater (Schnoor, 1997). The roots of plants are capable of sorbing large 
quantities of metals, such as lead and chromium, from water that passes through densely grown 
root zones of wetland plants (Schnoor, 1997). In contrast to phytoextraction which uses plants 
grown in soil or sediments, rhizofiltration is generally implemented in an aquatic environment or 
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within an effluent stream. Rhizofiltration has been shown to be an effective method on pilot scale 
systems for removing cadmium, lead, copper, chromium, nickel and zinc (Ensley et al., 1994). In 
a pilot scale test, sunflowers (Helianthus annuus L) were cultivated hydroponically and in 
aerated nutrient solution. Solutions of deionized water with heavy metals were introduced at 
concentrations ranging from over 600 mg/l of zinc and chromium to more than 1.5 mg/l of 
cadmium and lead. The results indicated that the metals were removed to low µg/l concentrations 
within 24 hours from being introduced into the system. Removal of metals from the solution 
involved a rapid initial phase, probably due to surface adsorption. A second longer-duration 
phase was attributed to the biological process including intracellular uptake and translocation of 
the metals into the plant shoots (Ensley et al., 1994). Uranium concentrations in water from a 
Department of Energy site in Ashtabula, Ohio were reduced by 95% within 24 hours from initial 
concentrations ranging from 100-400µg/l to below regulatory standards of 20 µg/l using 
sunflower cultivation (Ensley et al., 1994) 
Phytoremediation is being recognized as a cost effective remedial method to address 
contaminated sites and landfills. Phytoremediation is a low capital investment with low operation 
and maintenance. The combination of low capital cost and low operation and maintenance makes 
it attractive for non-point source contamination such as nitrates and pesticides from agricultural 
fields and parking lot runoff in urban areas. Like the types of phytoremediation, plant selection 
will be dependent upon the characteristics such as the type of remedies being applied, 
contaminant characteristics, and extent of pollution. In any case, plants in phytoremediation must 
have rapid growth rates and provide sufficient biomass. For processes such as phytoremediation, 
plants should have higher transpiration rates and extensive root systems that can reach to the 
aquifer. Trees such as poplar, willow and cottonwoods have been used extensively in 
 15
remediation of nutrient and organic contamination of soils in groundwater (Newman, 1997 and 
1998, and Burken and Schnoor, 1996). The technology can be used only in areas where the 
contaminant depth is less than 20 feet. Plants have adapted to grow in some of the most 
inhospitable conditions known to exist, however phytoremediation will not be successful if soil 
conditions or contaminant characteristics prove to be phytotoxic. As the technology matures, 
some of these limitations can be overcome and other limitations will undoubtedly be identified. 
The future of phytoremediation will most likely be in conjunction with other remediation 
technologies. It is also seen as polishing step after more polluted sites are dealt with or as long 
term solution for more isolated and less contaminated sites (Matso, 1995). To apply 
phytoremediation technology an understanding of the transport processes is needed.  
2.6 Transport Processes 
2.6.1 Advection Dispersion Equation 
 
The advection-dispersion equation is the basic relationship that is used to describe the 
mass transport in porous media. Advection and diffusion respectively describe “The mass 
transport by bulk fluid movement caused by fluid energy gradients and mixing of chemical 
constituents caused by the presence of concentration gradients and random molecular motions” 
(Charbeneau, 2000). The transport associated with the average bulk fluid movement is called 
advective transport. The transport associated with deviations from the average is called 
mechanical dispersion. The mechanical dispersion is movement around the media or due to 
turbulence. Dispersion is the tortuous path a molecule may take through the subsurface around 
the other molecules, wherein diffusion still occurs. So the advection-dispersion equation includes 





Molecular diffusion is due to the Brownian movement of molecules from regions of high 
concentration to the regions of low concentration. Molecular diffusion is a slow process due to 
its dependence on random movement of molecules (Lerman, 1978). Molecular transport of  
chemical species across a sediment water interface is due to the concentration differences that 
develop on the two sides of the interface. It is this increase or decrease in the concentration in the 










c , as seen in Fick’s First Law (Lerman, 1978). Diffusive transport is associated with 
molecular motions instead of bulk fluid movements. It does not result in mass transport over 
large distances-especially for transport in liquids. Diffusion is an important transport process 
especially in vertical transport in the subsurface where low permeability and pressure gradients 
limit advective transport (Choy and Reible, 2000). 
 
2.6.3 Adsorption Desorption 
 
Adsorption and desorption are among the most important processes that should be 
considered while predicting the fate and transport of chemicals in soils and sediments. 
Adsorption is the accumulation of solutes at an interface and is considered to be reversible 
(McGrath, 1995). Desorption is the release of mass back into the environment. Adsorption is the 
main mechanism retarding contaminants from moving into surface water and aquifer systems. 
Desorption determines the concentrations to which the receptor populations are exposed. 
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2.7 Input Parameters 
The term “model input parameters” used herein refers to all properties required in the 
model. Hill (1998) defines model inputs as those that include properties which can not be 
subjected to estimation or adjustment during calibration and input parameters as quantities that 
require estimation. Model input parameters are never completely defined and are always 
associated with various uncertainties, no matter how many measurements have been made or 
how thoroughly site conditions have been characterized. As a result we can rarely reproduce the 
exact field conditions to a desired level using the initially assigned model input parameters and 
must tune the model or calibrate it adjusting parameters that change the output  to be in  






























−= 1  
Ms is the mass of soil in grams 
Vv is the volume of voids in cubic centimeters 
Vt is the bulk volume 
ρb is the bulk density of soil in grams/cm3 
ρs  is the density of soil in grams/cm3. 
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If a jar is filled with soil, some of the soil pores will be irregularly shaped, small and not easily 
accessible to the flowing water, so the term effective porosity is given to the interstices that are 
readily available to flowing water. If the entire space is filled by water then the soil is called 
saturated and the degree of water saturation, 1=wS . 
 
2.7.2 Effective Diffusion Coefficient 
 
Diffusion in saturated sediment is affected by the texture of the solid media, its porosity 
and tortuosity. The diffusion coefficient in soil is smaller than the molecular diffusion coefficient 
of the fluid, Dm, because the diffusing substance has to follow a tortuous path through the porous 
medium. Tortuosity is defined as the winding point between two points within porous material as 
opposed to a straight line (Lerman, 1978). The molecule travels in a straight line when tortuosity 
equals one.  
The decreased molecular diffusion is termed effective diffusivity, De which accounts for the 








we DD . 
wD  is the molecular diffusivity of the  compound in water  in m
2/s 
ε  is the porosity of the medium 
τ  is the tortuosity of the medium  
The higher the tortuosity, the lower the effective diffusivity. Likewise the smaller the tortuosity 
the higher the effective diffusivity indicating the molecule is traveling in straighter path. The 
phases in which the diffusion is of most importance  are air and water. The diffusion coefficients 
of many chemicals in air at atmospheric pressure is approximately 10-5 m2/s (Choy and Reible, 
2001). Diffusion coefficient for the compounds in water is less than the diffusion coefficient in 
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air. Diffusion coefficient for a large number of chemicals in air and water are available in Lyman 
et al., 1982 and Thibodeaux, 1996. However, the effective diffusivities that are used in the model 
are  calculated based on  the  best  fit for  available laboratory data. 
 
2.7.3 Soil-water Partition Coefficient 
 
The soil-water partition coefficient, Kd, is defined as the ratio of the chemical in soil 
(mg/kg) to the chemical concentration in water (mg/L), thus having units of (L/kg).This partition 
coefficient is dependent on the fraction of organic matter (foc) present in the soil and also on the 







Karickhoff et al. (1979) and Schwarzenbach and Westall (1981) have predicted useful 
relationships for predicting organic carbon partition coefficients, based on the octanol-water 
partition coefficient. 
 
2.7.4 Octanol-water Partition Coefficient 
 
The octanol-water partition coefficient is related to the solubility of the chemical in 
octanol (acting as a standard organic phase) to that in water and is dimensionless. The less 
soluble a chemical is in water is the more likely it is to sorb to the surfaces of sediments or 
suspended particles. Hydrophobic partitioning will predominate if the pollutants have high 
octanol-water partition coefficients, Kow. Chemicals with high octanol water partition 






2.7.5 Retardation Factor 
 
The retardation factor is a dimensionless parameter defined as the amount by which a 
chemical is held back by the soil in comparison to the groundwater velocity. In other words, how 
much the flow of one compound is retarded as compared to flow of the groundwater. The 







1+=  ,Where bρ  is the bulk density, dK  is the partition coefficient and ε  is the 
porosity. 
 
2.7.6 Transpiration Stream Concentration Factor 
 
The transpiration stream concentration factor (TSCF) is defined as the ratio of the 
concentration in the stream within the plant to the concentration in the bulk solution. TSCF is 
utilized in phytoremediation studies to represent how readily compounds can be taken up and 
translocated by a plant species (Burken and Schnoor, 1998 ).TSCF is representative of  the 
partial uptake of contaminants due to  membrane barriers at the root zone (Schnoor,1997). .The 
predictive relation ship between TSCF and Kow was studied by Briggs et al.(1982)and Burken 














Current research is examining the capability of wetland plants to catalyze degradation or 
attenuate migration, but again requires uptake of contaminants from an aqueous environment. 
The objective of this study is to develop a mathematical model to predict pollutant leaching rates 
from sediments to the overlying water, which would then be fed into the plant reactor model 
systems, based on the previous work of Jones (2001) and Blad (2001). The objective of the 
research is to improve the fate and transport model cited above for chlorinated solvent 
remediation in willows at the PPI sites. In the laboratory and in the model work, fresh water 
flows over contaminated sediment simulating a segment of Baton Rouge Bayou sediment and the 
Devil’s Swamp area which is adjacent to the site. The work seeks to develop an improved 
computer model to simulate the phytobuffering provided by the willow trees in the bayou area 
and Devil’s Swamp, so that the buffer effect may be better estimated. Data were obtained from 
the experiments, performed by Jones (2001) and Blad (2001). In this work the models are 
combined, modified and corrected, and calibrated from both laboratory and field data.  
Specific objectives are 
 
• To calculate the effective diffusivities of chlorinated benzenes by using diffusion model 
to fit data and also to compare against the literature values. 
• To develop a mathematical model of the plant reactor system for attenuation rates using 
previous experimental studies to predict contaminant concentration downstream by 
incorporating the contaminant transport model instead of simple exponential decay 
considered in the earlier studies. 
• Estimate the contaminant buffering effect expected in these bayou-plant systems under 
various flow conditions, simulating low, high and cyclic flows. 
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• Scale up the rates to representative sections of Baton Rouge Bayou/Devil’s Swamp to 
estimate the buffer capacity, incorporating the transport model based on diffusion.  
• Provide a Fortran based model for implementation on PC that one may adjust for other 
situations and obtain rapid output for estimation of the influent and effluent 



























The rationale of this research is to improve upon mathematical models of environmental 
pollutant transport. Thus, for a specific system, one desires: 
• To gain a better understanding of the fate and transport of chemicals by quantifying their 
reactions and movement, 
• To determine the chemical exposure of concentrations to aquatic organisms and humans, 
and 
• To predict future environmental conditions under various chemical loading scenarios. 
 
The accuracy of a predictive model depends on how accurately one predicts the physical, 
biological and chemical reactions and transport of the chemical substance. In order to accomplish 
this we have a clearly defined control volume, knowledge of inputs and outputs that cross the 
boundary of the control volume, the transport characteristics within the control volume and 
across its boundaries, and knowledge of reaction kinetics within the control volume. A control 
volume can be as small as thin slice of water or as large as an ocean. It has clearly defined 
boundaries with respect to location so that the volume is known and the mass fluxes across the 
boundaries can be clearly defined. A knowledge of the chemical, biological, and physical 
reactions and transport processes that occur within the control volume is needed. The following 











































Figure 4.1 The framework of model application 
Developed a computer code and develop a model 
Performed model calibration and sensitivity analysis 
Start
Defined goals 
Identified initial and boundary conditions based 
on the field 
Performed experiments in the lab simulating the 
field conditions to gather the required data 
Identified the transport processes and reactions 
Developed or improve a conceptual model
Model verification 
Make predictive simulations 
  Stop 
Yes 
No





4.1 Laboratory Model 
 
Experiments were performed in the laboratory by Blad (2001) and Jones (2001)  to 
simulate the study areas described earlier and are briefly described below. The site geology can 
be described as containing two areas, an upland terrace called the “bluff” and a lower flood plain 
called the “batture”. The batture area lies within the alluvial plane and is underlain by 
intermittent clays to sands. In the bluff area the underlining strata contains silty clays to clayey 
deposits. The sediment was a mixture obtained from the Brooklawn site of PPI near Baton Rouge 
Bayou, being a mixture of clay and sandy sediment. During all the experiments care was taken so 
that sediment used was the same as in the field.  
Willows were chosen for the study due to the presence of these in large numbers around 
Baton Rouge Bayou. The research focused on two areas in particular because of the large 
number of willow trees present in both the locations and also the fact that bayou flows through 
them. NPC Services, Inc. provided the field survey information for both the areas of study. 
Willow tree density for Area 1 and Area 2 can be found in Table 4.1. Final results from 
the study will be applied to the two areas in a scale up using the mathematical model developed 
in this study. Indigenous trees were then propagated in the lab prior to the experiments (Jones, 
2001). The sediment was contaminated uniformly using a chlorinated benzene solution, which 
was prepared just before the experiments (Blad, 2001). When the tree root system began to 
develop, they were transferred from the growth container to the individual reactors before being 





Table 4.1 Baton Rouge Bayou survey information for willows 
 
 Tree Height (ft) Diameter (ft) Density of trees per, 10000 ft2 
Area One 45 1.67 3 
Area Two 35 1.33 30 
 
Dead limbs were pruned off the tree cuttings while being transferred, and when the plants 
developed a healthy and large root system they were used in the plant reactor. The experimental 
apparatus used is illustrated in Figure 4.2 shown below. 
 
Figure 4.2 Experimental apparatus (Jones 2001) 
 
50 cm long bed 
    5 cm 
Soil-water 
interface 





          Inlet 
5 cm
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Distilled water was pumped from a reservoir to the inlet of the bed. The water was made to flow 
over the weir using a peristaltic pump. Water flows as a sheet of thickness 2-3mm. As the water 
flows over the contaminated sediment, chlorinated benzenes diffuse into the water and are 
transported to the outlet simulating a section of Baton Rouge Bayou. The contaminated water 
flows over the second weir and out of the exit into the plant reactor. The reactor consists of 500 
ml Pyrex bottle with an inlet attached at an angle of 45°on one side and an outlet at 90°. on the 
other side. To provide continuous mixing the plant reactors are placed on magnetic stirrers. The 
bottles are thus modeled as continuous stirred tank reactors. Willows are placed directly into the 
reactor. The stem of the tree is enclosed with septa, thus sealing the top. 
 During flow, liquid samples were taken at two places. The first sample was taken 
between the extraction bed and the inlet of the reactor. The second sample was taken from the 
outlet of the reactor. Samples were collected in such a way that volatilization was minimized. 
Time between the inlet and the outlet of the reactor is defined by RT=V/Q (in hours) where V is 
the volume of the reactor in m3 and Q is the discharge rate in m3/hr. Residence time between 
inlet and outlet ranged between three and eight hours. Residence times used in the lab were 
based on the actual retention times in the field. Experiments were carried out to simulate the 
transport and uptake for various flow conditions that existed in the field. There were three flow 
regimes that were performed in the laboratory on chlorinated benzenes; continuous fast flow 
(Q=150ml/hr), continuous slow flow (Q=50ml/hr), and cyclic flow where the flow is alternated 
from fast to slow flow every 24 hrs, i.e., one day fast and one day slow, then fast  to slow back 
again. These flow rates were selected to simulate typical conditions found in Baton Rouge 
Bayou, scaled to simulate 150 ft of the stream in the Sheet Flow Leaching Bed (SFLB) based on 
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retention time. Cyclic flow was used in the experiments to see if there is an effect on mass 
removal rate because of non equilibrium conditions. 
4.2 Model Development 
The system studied mainly consists of surface sediments, plants and water (e.g., a 
saturated media). Molecular diffusion through an isotropic medium for one dimensional flow can 






where the mass flux (µg/m2-hr) is proportional to the  concentration gradient of the chemical 
species. The constant of proportionality is called the diffusion coefficient (m2/hr). The negative 
sign indicates the direction of contaminant movement is in the direction of decreasing 
concentration. 
When a contaminant source is present in the subsurface it is important to identify the fate 
and transport processes occurring that are of significance. For components with high vapor 
pressures, the time in which the contaminant volatilizes into the atmosphere may be so short that 
we do not need to concern ourselves with biodegradation reactions (Choy and Reible, 2000). For 
many hydrophobic aromatic compounds in dry soil, adsorption is so high that desorption from 
the soil particles and subsequent pore air/water diffusion are the mechanisms to be considered. 
Highly water soluble contaminants will lead to an advective component flowing along with 
groundwater. 
After identifying and choosing the appropriate fate and transport mechanisms, the equations for 
contaminant flux and reactions are combined in a mass balance equation. Applying the mass 
balance equation for the system shown below in Figure 4.3 we find 
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Over a differential volume, the mass balance equation becomes 
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For a specific one dimensional case, with flux up through a sediment bed into overlying water 
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To incorporate the retardation factor, the final partial differential equation that describes the 















∂         (4) 
Now, if the transport is  also affected by advection then the fundamental equation that describes  






















)(        (5) 
The first part on the right side of the equation 5 describes the chemical movement due 
to diffusion and the second part describes the advection. If there is no net flow in the x 
direction of flow then the second part of the equation is neglected and the transport is 
considered mainly due to diffusion. The final equation which describes the transport process 
from the sediment into the bayou then, is the diffusion equation 4, since advective seepage 
from the sediment into the overlying water is neglected. Solutions to these systems and others 
may be found in Choy and Reible (2000).The contaminated water from the above system is 
then fed into the plant reactor modeled as a stirred tank reactor. It is assumed that the 
contaminants are well mixed throughout the reactor for modeling purposes. The mass balance 
for the system shown below in Figure 4.4 will consist of a single source of contaminants 
(loading) at the inlet and two sinks that deplete contaminants (outflow and plant interaction). In 
the field the other sources that contribute and deplete contaminants could be included but for 









Figure 4.4 Plant reactor model 
 
Losses due to volatilization of contaminants and photo degradation were minimized during the 
experiment by sealing the top to curtail losses and wrapping the  
reactor with aluminum foil. The mass loading can be described as the flow rate times the 
incoming concentration of the pollutant. The mass going out of the system can be calculated as 
flow rate times the concentration going out of the system. Thus, the overall mass balance of the 















dcV ....... 1 −−−=    (6) 
=V Volume of the reactor in m3 
=Q Influent flow rate in m3/hr 
 =outQ Effluent flow rate in m
3/hr 
 =ainC Influent concentration in µg/l 
 =aC Effluent concentration out of the reactor in µg/l 
 =pQ Transpiration rate in m
3/hr 
=1k Rate coefficient in gram- plant/hr 
=pM Mass of trees, gram- plant 
=TSCF Transpiration Stream Concentration Factor, Dimensionless 
 Concentration inside the reactor, which is assumed to be well mixed, is also the concentration 
that is going out of the reactor. The first term on the right hand side of  equation 6 is the term that 
describes rate of contaminant (µg/hr) that comes into the reactor at any time. The second term 
describes the rate of mass (µg/hr) that is going out of the reactor. The third term describes the 







k1  is a rate coefficient and 
has units of hr-1.The last term describes the rate of contaminant leaving the plant through 
transpiration. Qp is the transpiration rate of the plant in m3/hr. This transpiration rate was based 
upon the experiments of Schnoor (2001).The influent concentration is a function of flux that 
leaches out from the sediments in the upstream bed into the pore water. The bed is flushed with 
thin sheet flow of water (free of contaminants). Due to the concentration gradient between pore 
water and overlying water column the contaminants from the pore water diffuse into the 
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overlying column of water. It was also assumed that the bed was uniformly contaminated. The 
experimental procedure applied by Blad (2001) gave relatively uniform results. 
The boundary conditions and initial conditions are dictated by the field conditions. Since 
the sediment in the field is underlain by thick clays, the flux at the bottom is assumed  to be zero. 
It is also assumed that initially the concentration in the bed is uniform. The surface concentration 
at any time (t>0) is zero due to the flow across the bed. 
For this bed sediment system described by equation 4 with the following initial and boundary 
conditions, 
[ ]Lzctzc AtA ,0),( 00 ∈==  


















































πβ  and where l is the depth of the  bed, m. 
Flux is defined as the mass of the contaminant that is being leached out of the bed (unit area) per 
unit time and its units are (µg/m2.hr). 
Now, using the flux to calculate the concentration coming in to the reactor 
 34
( ) ( ) inain QareaFluxC /=         (8) 
This is the influent concentration that is coming into the plant bed reactor. 


















in ..1 −−−=      (9) 
 and applying a  water balance for the reactor, 
poutin QQQ +=          (10) 
Now, if pQ  is very small when compared to Qin   
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11 , dimensionless. 






dc aina =+          (14) 
this  is in the form of qpy
dx
dy
=+  where p & q are functions of x. 
The solution to the equation 14 is given by Leibnitz  as 
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cIFqIFy += ∫ **   where IF is  the integration  factor 
aCy = , tx = , where RT
KP = , RT
Kt
eIF =  ,
RT
C







eC ∫= + Constant       (15) 
substituting (7) in (8) and  solving  for influent concentration coming into the  reactor from the 
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C β      (18) 
Equations 8 & 18 were used to calculate the influent (concentrations from sediment-bed) & 
effluent concentrations (concentrations coming out of the plant reactor)which were later 
programmed into  Fortran. 
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The accuracy of the influent concentration depends on input parameter estimation, being 
is dependent on soil-water partition, porosity, retardation factor and flow rates, which are known. 
The only other parameter that is unknown is effective diffusivity. The effluent concentration 
which is given by equation 18 is dependent on influent concentration and also on rate 
coefficients. The estimation of effective diffusion coefficient and rate coefficients  discussed in 
the section below. This model predicts influent and effluent concentrations, and accurate 
prediction of concentrations is required for estimation of plant uptake calculations. Initially all 
the parameters are fed into the model. The model is run by assuming an effective diffusivity. 
Rate coefficients, transpiration rates and TSCF do not effect the influent concentration because it 
is only dependent on the  transport model which includes (partition coefficients, porosity, and  
influent flow rate). Calculation of effective diffusivities is discussed in the next section. The 
effective diffusivities which were used to estimate the influent concentration were also used in 
the estimation of effluent concentrations. While all the parameters are known except for the, 
plant rate coefficient, it does not include uptake. The estimation of the rate coefficients is, also 
described in the section.  
4.3 Estimation of Effective Diffusivity and Rate Coefficients 
The influent and the effluent concentrations for chlorinated benzenes were obtained from the 
experiments performed by Jones (2001). The octanol-water partition coefficients were obtained 
from Watts (1997). Sediment-water partition coefficients for chlorinated benzenes were 
measured by Blad (2001). The table below lists the partition coefficients for chlorinated 
benzenes for silty clays , which was the predominant matrix. 
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Table 4.2 Partition coefficients for chlorinated benzenes 
 
Compound Octanol Water Partition coefficient Kow 
Log Kow 
Sediment Water Partition 
 coefficient Kd (l/kg) 
MCB 650 2.71-2.81 1.16 
1,3 DCB 2398 3.38-3.60 2.37 
1,2 DCB 2398 3.38-3.50 1.46 
1,2,4 TCB 12589 4.1 3.59 
 
The porosity and bulk density of the sediment  was determined in the laboratory by Blad (2001). 
The pore water concentration is the initial concentration that is used in the model and it is given 
by the expression
dk
loadSoilInitial=0C . The flow rates used in the laboratory were actually 
based on the retention times for a 150 ft length of Baton Rouge Bayou .  The table below lists the 
retention times and flow rates. 
 
Table 4.3 Flow rates and retention times for various flow regimes 
 
Flow regime Flow rate (ml/hr) Retention time (hours) 
Slow flow 50 10 
Fast flow 150 3 
Cyclic flow 50-150 3-10 
 
Data regarding plant mass for the laboratory and field were obtained from Jones (2001). The 
transpiration rate used for willows is 1.67ml/hr-gramplant as found from studies conducted by 
Schnoor (2001). All the input parameters, which were calculated as described above, were  
used in the model, and are listed in Table 4.4. 
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Table 4.4 Model input parameters  
 
Parameter Units Reference 
Effective diffusivity 10
-8- 10-9 m2/hr 
 Fitted value 
Area of the leaching bed 2.5*10-2 m2 Jones (2001) 
Volume of the plant reactor 4.6*10-4 m3 Jones (2001) 
Flow rate of the bed 5.7*10
5 to  
1.57*10-4 m3/hr Jones (2001) 
Depth of the bed 0.05 m Jones (2001) 
Residence time 3-10 hr Jones (2001) 
Soil water partition 
coefficient kd 
1.16-3.59 l/kg  Blad (2001) 
Octanol water partition 
coefficient   Log Kow 
2.71-4.1 Watts (1997) Thibodeaux (1996) 
Mass of the plant Mp 4.27grams Jones (2001) 
Rate coefficient k1 0.1-0.7 gram-plant/hr Fitted 
Transpirations rate 1.67*10
-6m3/hr-gram 
plant Jones (2001) 
Bulk density of the soil 1.38 grams/cm3 Jones (2001) 
Porosity 0.46 Blad (2001)  
Pore water concentration  
            C0 (µg/l) dk
C load soil  Initial0 = Calculated 
Initial soil load 10-45 mg/kg Lab Determined 
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 The model comprised of equations16 and 18 has to be validated in two stages, first for 
the influent concentration  (given by equation 16) which is dictated by the effective diffusion 
coefficients and secondly the effluent concentration (given by equation 19)which is dependent on 
the influent concentration as well as rate coefficients in the plant system. Initially the model is 
run by assuming an effective diffusivity and using all other parameters from Table 4.4. The 
influent concentration curves are generated; and compared with observed influent concentrations 
from earlier laboratory work. One can compare the observed values with the predicted values, 
but only at similar times. Since the values in the laboratory were measured at random times, a 
trend line equations with very good fit (R2>0.85) were used. Paired t tests were performed on the 
values predicted by the model and the trend line. The predicted values were considered valid 
only when the p value >0.05, i.e. when the values lie in the 95% confidence interval. Using these 
effective diffusion coefficients and assuming rate coefficients, the effluent concentration curves 
are then generated. Nonlinear regression equations were used to develop the trendline for the 
observed effluent concentrations. Paired t tests were performed for predicted and observed 
values based on trend line curves. The rate coefficients are considered valid only when the p 
value >0.05. 
Once the effective diffusion coefficients and rate coefficients are determined from the 
best fit above, then they are used for estimating concentrations that may be observed in the field. 
The following Figures (4.5 & 4.6) show as one example how the observed, trendline curves for 
the observed and predicted values for both influent (Figure 4.5 ) and effluent concentrations 
(Figure 4.6) for 1,3 DCB in a mixture for continuous slow flow compare. It is also important to 







k1  hr-1 is same for both the lab and field even though the 
mass of the plant might be different, as  for lab and field values the overall ratio must the same. 
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However the transpiration rates are scaled up according to the mass of the plant in the lab and 
field respectively. Similarly the model is calibrated for other compounds (MCB, 1,2 DCB, 1,3 
DCB, 1,2,4 TCB) and for -all` flow conditions( Fast, Slow and Cyclic).The table below lists the 
fitted effective diffusion coefficients and rate coefficients based on the influent and effluent 
concentrations for the chlorinated benzenes and flow rates studied. 
 












Slow Flow     
MCB 1.07E-07 0.72 0.55 0.09 
1,3 DCB 1.42E-08 0.76 0.6 0.13 
1,2 DCB 5.53E-09 0.4 0.55 0.16 
1,2,4 TCB 3.14E-09 0.06 0.55 0.9 
 
Fast Flow     
MCB 1.15E-07 0.065 0.6 0.28 
1,3 DCB 3.06E-08 0.05 0.6 0.79 
1,2 DCB 2.00E-08 0.10 0.55 0.62 
1,2,4 TCB 8.05E-09 0.25 0.75 0.17 
 
Cyclic Flow     
MCB 5.56E-08 0.08 0.9 <0.05 
1,3 DCB 9.17E-09 0.15 0.6 <0.05 
1,2 DCB 7.38E-09 0.05 0.75 <0.05 
1,2,4 TCB 7.30E-09 0.25 0.8 <0.05 
 
The  following figures (4.7-4.12) below compare the measured values for the compounds studied 
in a mixture to the predicted values from the calibrated model 
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measured influent  concentration
predicted influent concentration
Trendline fit  of  measured influent
concentration
 42






























predicted  effluent concentrations





































































1,2,4 TCB  predicted
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Once the mathematical model was verified against the laboratory model it was scaled up to the 
field flow rates based on the same retention time. The fitted effective diffusivities and rate 
coefficients were used to estimate the incoming and out going concentrations for Baton Rouge 
Bayou near Devil’s Swamp. These concentrations were plotted with time and trend line 
equations were developed. The area under these curves times the flow rate gives the rate of mass 
coming in and going out of the plant reactor. A mass balance for the system was then performed 
to estimate the plant uptake as described below.  
4.4 Plant Uptake Calculations 
Knowing the rate of mass going into the plant reactor being aininCQ  and the rate of mass 
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1   (19) 
In the right hand side of the equation 19 the first term represents mass coming into the reactor. 
The second term represents the mass going out of the reactor. The third term represents the mass 
left in the reactor at the end of a period of time. The right hand side of the equation represents the 
plant uptake. Thus the uptake not only represents the uptake due to transpiration but it also 
considers other losses included together in the “rate coefficient” component. 








































In the figure shown below (4.13), the area under the vertical lines gives the mass coming into 
reactor over a period of time and the area under the pink curve gives the  
Figure 4.13 The influent and the effluent mass rates for the plant reactor 
 
mass going out of the reactor over a period of time. It is important to note that we should also 

















it is a CSTR, the concentration inside and the concentration leaving the reactor are the same and 
the mass left over in the reactor at the end of the time period is given by the term VCaout . 
The area under the blue lines gives the plant uptake after deducting the mass left over in the 
reactor. The effluent mass rate starts at zero and reaches a peak concentration in a fairly a short 
period of time. This is due to the fact that initially (t=0) there is no concentration in the reactor. 
As the influent comes into the reactor, the concentration starts increasing, since it is being 
continuously mixed, the concentration reaches a peak and then follows the declining trend set by 
the influent concentration. Using t=0 in calculations would predict huge uptakes, because at t=0 
there is very high influent concentration and the effluent concentration would be zero. Even 
though the mixing is considered instantaneous there would be some lag time so it would be more 
logical if calculations for uptake were based on t>0. Using t>0 would also mean that in case of 
any advective seepage, higher concentrations would be neglected. In such small times the uptake 
can be neglected. Performance of a sensitivity analysis showed that it is reasonable to use the 
starting times for uptake calculations to be t=0.5 hours rather then using t=0 . 
In order to find the area under the curve, we need to have an equation which describes the 
curve. The model itself predicts only the concentration profiles, it doesn’t handle the plant uptake 
calculations. The predicted concentrations for the field are imported from text files into spread 
sheets. The predicted values were plotted in Excel and trend line equations were fitted. It has 
been observed that there is a correlation between concentration and time. The correlation is 
5.0−tionConcentratInfluent p  and the observed R2=1. So, one can confidently say that the 
concentration doesn’t vary exponentially but it varies as an inverse square root of time. This was 
also observed and stated in a study of transport of TNT from contaminated soils into overlying  
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water (Valsaraj et al., 1998).The effluent concentration was also found to vary  as inverse square 
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being the difference in area between the 
two curves  
In the model we assume that the flow rates are constant. The experiments performed by Jones 
(2001) were controlled flow experiments. Even though there were minor fluctuations in the flow 
rates that were recorded, an average flow rate was used to minimize error due to variations. Only 
the influent and the effluent concentrations are dependent on time. With starting time t=0.5 

























1   (21) 
Sample calculations for MCB for slow flow conditions are shown below for illustration. Based 
on the fitted effective diffusion coefficients and rate coefficients and using field flow rates and 
transpiration rates, the influent and effluent concentrations are predicted for field conditions. As 
described earlier, the trendlines fitting the predicted values are calculated. These equations are 
then multiplied by the flow rates to give curves describing mass flow rate in and out of the 
reactor. The area under these curves is calculated to   find the plant uptake.  Figure shown below 
describes the influent and effluent concentrations for area one for MCB under slow flow 
conditions. 
Influent concentration profile is given by the equation is based on the trend line 
5.0
ain 715.39C
−= t  




−= t  








Volume of the reactor=1274m3 
 
Care must be taken to use consistent units, and concentration is expressed in µg/l and flow rates 
should be converted to l/hr. 




































Plant uptake was found to be 571 grams/year for MCB for slow flow for area one. Similarly 
uptake calculations were performed for all the other compounds for different flow conditions. 
These results for all conditions are included in tabular form in the Appendix. The results are 
discussed in the next chapter. 
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Power (predicted influent concentration)
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5 Results and Discussion 
5.1 Simulation Results 
 Figures 4.6 to 4.12 compared the model simulations with observed values of compounds 
in mixtures for different flow conditions. The influent concentrations simulated by the model 
were based on  fitted effective diffusivities. The effluent concentrations were fitted based on rate 
coefficients. Table 4.5 showed the fitted effective diffusivities and rate coefficients from the 
plant reactor for chlorinated benzenes for different flow conditions.  
For all the flow conditions the simulated data was within the 95% confidence interval (P 
value > 0.05). The effluent concentration values predicted were within the 95% confidence 
interval except for the cyclic flow conditions. For the cyclic flow conditions the flow rate 
alternates between fast and slow flow for every 24 hours. The retention times were based on flow 
rates. For the cyclic flow study the retention times varied between 3-10 hours. While the model 
predicts well for small variations in flow rates, but doesn’t predict very well with very high 
variations as in case of cyclic flow in which the flow rates varied from a slow flow of  50 ml/hr 
(RT=10 hours)- to  fast flow  of 150 ml/hr (RT=3hours). However, in an attempt to estimate the 
buffering effect for cyclic flow conditions an average flow rate and retention time based on 
average flow rate were used. While use of average flow rate would predict the influent 
concentration sufficiently, the effluent concentrations predicted by the model do not lie within 
the 95% confidence interval. It can be said that the rate coefficients for cyclic flows shown in 
Table 4.5 are not valid statistically for this system and modeling method. 
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5.2 Results for Uptake Calculations 
In order to determine the plant uptake, a mass balance analysis for the plant reactor was 
preformed. The mass balance approach involves losses due to uptake and losses due to uptake 
and transformation or sorption within the plant, incorporated into (k1). In the experiments that 
were performed by Jones (2001) the mass of the contaminant that was sorbed on to the roots was 
also not taken into account. The rate coefficient is thus a “global” one and may be termed as 
pseudo-homogeneous.  This approach should predict higher values than based on Schnoor’s 
work which accounts for losses due to uptake alone. The uptake calculations were based on a 
transpiration rate of 1.67 ml/hr-gram-plant. The rate coefficients were fitted based on this 
transpiration rate. However, increases in higher transpiration rates should increase the plant 
uptake. With higher retention times, losses due to degradation should also increase.  Table 5.1 
below shows the plant uptake which include all the losses assumed (uptake, degradation and 
transformation). The uptake results shown below were based on total uptake for both areas 1 &2 
(1.34 acres) for a time  interval of one year 
Table 5.1 Uptake results based on mass balance approach for both field study areas 
 
  Slow Flow (kg/year) Fast Flow (kg/year) Cyclic Flow (kg/year) 
MCB 1.39 1.59 0.56 
1,3 DCB 0.93 0.83 0.84 
1,2 DCB 0.85 0.90 0.68 
1,2,4 TCB 0.45 0.52 0.92 
Total 3.62 3.84 3.01 
 
Based on the findings of the study from Table 5.1, there was no significant difference between 
fast and slow flows. A possible explanation might be that, with slow flow we have higher 
 57
retention times and with high retention times we have higher losses contributed  due  to 
degradation (losses  other than uptake). With high flow rates there would be higher flux leaching 
into the plant reactor (Blad 2001), there by increasing the concentration inside the reactor. The 
uptake rates for plants here are dictated by the pollutant leaching rates. Higher concentration in 
aqueous phase would also mean higher uptakes. This might be the reason for slightly higher 
plant uptake predicted for fast flows then slow flows (based on the mass balance approach). The 
other possible reason for the lack of significant difference between slow and fast flows may be 
because trees uptake only certain amount of water. As long as the flow rate in the field is higher 
than the water requirements of the trees in the field there would not be much difference between 
the fast and slow flows because uptake is limited by water requirements for the trees. Based on 
the flow rates and retention times for cyclic flows, which alternates between fast and slow flows, 
the uptake should be between the uptake for fast and slow flows, however it was estimated to be 
less than either. This was noted as an average flow rate was used, but the buffering effect was not 
found to be  between  fast and slow   flow rates. The uptake calculations shown below were 
based on more general uptake equation given below (Burken and Schnoor, 1998; Schnoor 1997):  
Uptake =TSCF Qp.C         (20) 
 
TSCF= Transpiration stream concentration factor, dimensionless 
T= Transpiration rate of tree, liter/year-tree 
C= concentration of contaminants in groundwater in mg/l 
A comparison of results for fast, slow and cyclic flows from Table 5.1 and 5.2 clearly suggests 
that there is a significant difference between uptakes rates for fast , slow and cyclic  flows when 
the calculations were based on Schnoor’s equation (Table 5.2) compared to the study (Table 5.1).  
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Table 5.2 Uptake in one year based on Schnoor’s equation for both field study areas  
 





MCB 0.14 0.22 0.09 
1,3 DCB 0.12 0.17 0.15 
1,2 DCB 0.12 0.20 0.13 
1,2,4 TCB 0.12 0.21 0.12 
Total 0.50 0.80 0.49 
 
This appears to be due to the losses other than uptake (reaction k1 ) were not incorporated in the 
Schnoor’s model. This clearly explains the reason for higher uptake rates for  fast ,slow and 
cyclic flows based on mass  balance approach (Table5.1) than Schnoor’s equation (Table 5.2) a. 
So using Schnoor’s equation predicts a lower uptake rate than mass balance approach (includes 
both TSCF and reaction) used in this study.  
Table 5.3 Up take results in one year based on Jones 2001for both field study areas 
 





MCB 5.7 18.43 8.39 
1,3 DCB 3.7 10.36 5.33 
1,2 DCB 3.67 11.26 6.32 
1,2,4 TCB 2.1 6.17 3.66 
Total 15.17 46.22 23.7 
 
The uptake values estimated by Jones (Table 5.3) over estimates the buffering potential. This is 
due in part to the exponential decay flux estimate made by Jones (2001) and corrected for in this 
work by incorporating more correct model used by Blad (2001).Estimation of buffer potential for 
a swamp system  based on 100 acre-20 year scale up are tabulated in Table 5.4  shown below.  
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Table 5.4 Total contaminant uptake in tons for 100 acres for a 20 year period 
 
 Modified plant uptake Schnoor's plant  uptake equation 
Uptake scaled up by 
Jones 
Slow  flow 1.63 0.28 102 
Fast flow 1.73 0.24 34 
Cyclic  flow 1.35 0.24 52 
 
The plant uptake based on mass balance approach predicts higher values than Schnoor’s because 
it takes into account both TSCF and  a “global” reaction. However, when one considers that the  
aqueous concentration are in ppb  range, the uptake potential of willows resulting  in tons of 
material “buffered”  given  enough area and time.  
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6 Conclusions and Recommendations 
The transport model was found to accurately determine the concentrations in the aqueous 
phase, depending on   partition coefficients and effective diffusivity. The plant uptake accuracy 
is dependent on TSCF, transpiration rates and rate coefficients which describe several buffer 
mechanisms  
This model has been calibrated and verified against laboratory plant data. The model is 
able to predict influent and effluent concentrations from the plant reactor. Plant uptake 
calculations were based on mass balance approach, giving a very good approximation of the 
buffering effect of willows in the bayou system. Changing retention times changes the rate 
coefficients, so estimation of the buffering effect based on one rate coefficient creates an error in 
the estimation. While the model works well for fast and slow flow conditions, there appears to be 
a new observation of cyclic flow conditions wherein cyclic flux reduces the  buffering capacity, 
as flow rate was taken as an average. 
The mathematical model used adequately fits the experimental data after the initial drop 
in concentration at the beginning of the laboratory experiments. This model can be used at 
similar site in other places and for different compounds. The soil partition coefficients, octanol 
water partition coefficients can be obtained from the literature. With the preliminary examination 
of a site, knowing flow rates, area of the stream bed, the volume of the stream, and mass of plant. 
Simply conducting experiments to find porosity and bulk density of soil or using literature 
values, it reduces a massive amount of time and effort  to just a few hours of  PC model work( 
code  listed in Appendix) to estimate the uptake and contaminant buffering capacity. 
The buffering potential of the willows in the bayou system was found to be higher here 
than by using Schnoor’s equation. This is because in Schnoor’s model the buffering was 
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calculated based on uptake alone, while in this model, along with uptake other buffering 
potentials assumed (degradation and transformation) were incorporated into the rate coefficient 
(k1). The buffering potential estimated by Jones (2001) over estimates because the the 
contaminant flux leaching into the reactor was assumed to decay exponentially while, in this 
model, a more correct flux model was incorporated (Blad 2001) 
Development of more complex model which incorporates the variation in flow rates, 
transpiration rates as a function of growth rate of plant mass, identification of the rate at which 
contaminants are degraded and converted into simpler compounds within the plant would 
provide more accurate predictions but require more data resources, and expertise. Also more data 
should be gathered to study the effect of retention times on rate coefficients.  
For cyclic flows, in order to accurately predict the pollutant leaching rates into the plant 
reactor, we have to simulate the cyclic flow rates (alternating between fast and slow flows by use 
of step functions) which would increase the complexity of problem but it would also increase the 
model accuracy. However, based on fitting the model to the laboratory data one can arrive at 
reasonable conclusions about of the fate of the contaminants. This model gives a very good 
approximation of the rate at which the contaminants are taken up by plants based on laboratory 
data. For regulatory purposes more rigorous analysis has to be performed to determine 
uncertainties and range of sensitivity of the buffer potential. 
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Appendix A. Observed Influent and Effluent Concentrations   
 
Slow Flow Conditions 
Observed influent concentrations (ug/l) coming from the Sediment bed into the Plant reactor 
 
Time (hrs) MCB  observed 1,3 DCB observed 1,2 DCB observed 1,2,4 TCB observed 
0.67 1125 588.6 630.3 242.7
4.7 588.4 377.7 367.9 187
8.78 404.8 279.5 265.8 149.7
12.8 337.2 233.9 222.4 125
20.88 193.8 122.8 136.5 69.7
24.68 223.8 149.3 144.9 77.4
29.38 226.7 143.5 145.3 78.6
33.4 217.3 138.6 139.7 75.7
36.42 184.8 109.5 109.8 58.7
44.82 177.9 103.1 103.6 55.5
50.23 188.3 111.1 110.7 58.4
52.72 166 99 98.5 54.4
56.35 143.7 92 92.6 50.6
60.73 145 87.9 89.6 47.7
69.4 116.1 68.5 69.8 37.8
74.82 125.3 74.9 76.6 41
78.63 146.2 87.6 88.1 47.3
83.18 153.9 85.3 87.2 44.5
93.87 134 76.6 77.8 40.7
99.05 123.9 69.7 71.7 37.8
102.8 101.3 60.5 62.8 33.7
106.93 115.9 68.2 70 36.9
118.38 105.1 61.5 63.4 33.3
123.07 123.5 73.1 72.1 37.2
126.88 105 62.4 63 32.5
130.53 104.2 61.4 61.9 32.2
141.63 38.3 20.8 20.9 11.7
146.82 107.6 61.4 62.4 31.9
150.6 105.7 60 60.7 30.4
154.75 94.4 58 58.1 29.6
166.92 110.1 64.3 65 32.7





Slow Flow conditions 
 
Observed effluent concentrations (ug/l) coming the Plant reactor 
 
Time in hrs MCB observed 1,3 DCB observed 1,2 DCB observed 1,2,4 TCB observed 
0.4 135.5 65.4 74.4 27.6
4.3 179.2 93.5 103.1 42.2
8.67 201.9 110.5 120.7 53.3
12.45 201 113.9 123.5 56.5
20.23 182.9 105.3 114.4 54
24.62 153.3 85.1 92.7 45.3
28.65 147.9 84 91.5 46.4
32.3 97.6 51.4 58.3 28.8
36.2 87 46.3 52.4 26.3
44.48 106.8 56 62.5 30.4
49.9 69.3 30.3 36.1 16.5
52.08 86.9 46.5 54.1 26.5
56.48 60.5 27.8 33.9 15.6
59.95 30.3 14.3 16.7 8.7
69.2 53.2 22.3 27.2 12
74.73 77.7 41 46.4 22.6
78.08 25.5 11.4 13.5 6.9
82.75 52.3 24.1 29.9 13.5
93.37 56.3 27.5 33.7 15.7
98.9 47 20.4 26.1 11.6
102.58 43.9 20.4 25.7 11.2
106.25 58.4 28.9 35.2 15.9
119.15 40 16 20.8 8.5
122.87 64.1 33.3 38.9 18.2
126.45 60.9 32.6 37.9 17.9
129.92 71.6 39.6 44.9 21.4
141.52 35.3 14.6 19 7.8
146.25 37.9 17.2 21.4 9.4
150.4 45.6 21.5 25.6 11.3
154.95 36.4 15.9 19.6 8.3
166.53 45.8 21.5 25.8 11.5




Fast Flow Conditions 
 
Observed influent concentrations (ug/l) coming from the Sediment bed into the Plant reactor 
 
time  in hours MCB  observed 1,3 DCB  observed 1,2 DCB  observed 1,2 ,4  TCB  observed 
4.33 437.85 232.4 273.7 150.7
8.6 326.4 168.65 195.9 108.85
12.58 261.05 134.2 159.2 87
20.87 218.1 111.25 129.6 70.1
24.48 180.35 94.5 112.75 61.75
28.77 186.5 97 112.5 61.2
32.57 171.15 88.75 105.45 58.4
36.55 155.9 81.75 97.45 54.4
46.02 138.3 71.75 85.05 45.95
50.58 143.05 73.1 86.35 45.3
54.57 123.95 64.45 75.9 40.7
59.55 133.7 68.85 82.05 42.5
69.93 125.5 82.45 73.8 42
74.37 110.65 73.45 65 36.95
78.53 109.8 72.25 65.55 37.05
83.23 78.1 52.6 47.6 27.4
94.75 90.6 60.7 54.9 30.7
98.47 66.4 42.45 40.75 23.8
102.78 71.8 41.45 42.65 23.25
107.07 75.7 48.8 49.7 28.1
118.9 78.25 50.4 49.25 26.3
122.45 79.25 51 49.45 26.2
126.43 84.95 53.8 52.45 27.65
132.05 78.1 47.95 46.5 25.55
142.92 55 33.95 32.9 18.75
146.6 60.15 36.55 34.7 19.3
150.93 76.6 47.15 45.1 24.7




Fast Flow Conditions 
 
Observed effluent concentrations (µg/l) coming   the Plant reactor 
 
time  MCB observed 1,3 DCB observed 1,2 DCB observed 1,2,4 TCB observed 
5.37 271.55 131.05 166.9 85
9.6 266.45 125.75 161.65 82.7
13.57 210.45 96.7 124.1 64.8
21.77 147.4 65.7 84.8 43.2
25.7 144.8 64.55 85.7 44.55
29.68 140.3 60.6 79.55 39.75
33.67 139.6 63.45 82.85 41.7
37.6 123.6 56.6 75.05 38.05
47.03 100.6 44.55 60 29.45
51.73 99.45 44.15 59 29.35
55.63 95 40.85 54.1 26.7
60.52 100.95 55.75 55.5 27.35
71.1 86.95 48.1 47.75 23.7
75.5 80.45 44.6 44.6 22.6
79.67 72.45 39.8 40.15 20.6
84.52 69.1 39.35 40.45 20.35
95.7 65.05 35.8 36.7 17.55
99.55 59.75 31.5 34.75 15.5
103.92 57.4 30.9 33.8 15.45
108.05 53.2 28.85 32.65 15
119.9 49.9 27.65 29.15 12.95
123.52 47.75 25.15 28.4 12.7
127.48 54 29.15 32.6 15.2
133 48.8 25.1 28.35 12.75
143.92 34.3 17.7 20 9.45
147.68 51.2 27.05 29.35 13.35
152.08 44.95 23.1 25.7 11.8
156.33 44.5 23.05 25.55 11.35
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Cyclic Flow Conditions 
 
Observed influent concentrations (µg /l) coming from the Sediment bed into the Plant reactor 
 
Time in hours MCB  observed 13DCB   observed 12DCB observed 124TCB  observed 
2.57 340.85 301.25 348.25 170.2
6.52 196.7 179.85 200.55 117.45
10.65 169.25 147.45 161.8 98.25
19.43 119.95 101.2 111.05 68.8
25.99 135.85 105.95 126.5 67.05
27.99 163.4 119.75 147.05 70.85
30.12 161.35 101.5 124.5 63.6
44.81 143.9 67.95 85.45 48.25
46.86 140.35 67 84.6 46.65
51.91 140.95 93.65 111.1 64.3
52.93 148 72.95 91.55 51.2
67.73 94.35 42.6 54.7 31.25
73.38 109.5 60.85 67.15 46.9
75.87 83.15 48.9 53.95 42.25
79.74 65.4 38.5 42.5 32.65
91.54 61.4 36.45 40.7 28.35
97.1 80.95 35.6 41.95 26.25
98.71 106.95 46.75 58.5 32.5
101.79 29.75 46.85 58.7 32.3
115.78 67.85 22.8 27.75 13.8
119.47 74.4 46.7 59.05 29.75
126.53 65.05 46.95 57.95 29.75
139.81 73.3 51.8 63.55 31.85
145.66 79 47.6 56.65 36
147.55 64.85 42.6 48 34
150.68 35.45 21.95 24.2 19.7
163.01 58.85 36.65 41.65 28.9
166.33 56.3 31.95 36.3 25
172.87 116.5 43.3 52 30.9
175.02 82.3 47 58.2 30.15
187.58 98.8 41.25 51.7 26.7
190.91 99.05 48.08 59.8 31.45
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Cyclic Flow conditions 
 
Observed effluent concentrations (µg /l) coming the Plant reactor 
 
 MCB observed 13 DCB  observed 12 DCB   observed 124 TCB  observed 
5.08 62.75 41.45 56.35 22.95
9.03 83.25 54.6 70.35 32.35
12.81 91.3 61.4 77.65 37.45
22.43 63.35 38.95 50.7 24.45
30.73 41.1 17.75 25.15 11.06
31.62 43 13.65 20 7.75
35.23 65.8 26.25 36.35 16.55
48.91 39.7 12.35 18.95 7.35
50.72 41 12.95 19.8 7.7
55.97 45.6 14.85 22.65 8.8
57.38 44.8 13.95 21.45 8.1
72.06 45.9 13.6 21.5 8.8
76.8 60.6 26.25 35.9 18.8
78.13 58.35 26.7 35.15 19.25
82.28 46.1 19.95 26.45 14.2
94.26 38.55 16.35 22 11.55
100.78 25.1 11.05 16 6.65
102.73 28.15 16.95 23.25 10.3
105.33 25.75 12.5 18.5 6.75
120.98 23.25 11.2 16.75 6
124.08 28.35 14.75 21.55 8.45
129.51 26.3 13.6 20.3 7.65
143.85 42.05 14.95 22.6 10
149.72 22.15 9.1 13.15 6.3
152.36 39.1 17.15 23.55 12.4
154.81 43.15 19.6 26 14.2
171.33 25.15 9.1 13.5 5.9
170.08 24.95 9.15 13.35 5.95
176.51 27.45 10.95 16.1 7.35
179.64 30.45 11.85 17.4 7.85
188.43 27.25 9.1 14 5.6











Appendix B. Input Parameters 
 
Slow flow conditions 
 
Input Parameters Units MCB 1,3DCB 1,2DCB 1,2,4 TCB Comment 
Effective Diffusivity m2/hr 1.23E-08 5.1E-09 1.99E-09 1.13E-09 fitted 
Octanol Water Partition coefficient Kow ---------------- 650 2398 2398 12589.254 literature 
Rate  coefficient (k1) gram-plant/hr 0.55 0.6 0.555 0.755 fitted 
Retention time(RT) hr 10 10 10 10 experiments(Jones, 2001) 
Mass of the plant(Mp) grams 4.27 4.27 4.27 4.27 experiments 
Transpiration Rate(Qp) m3/hr 1.67E-06 0.00000167 1.67E-06 1.67E-06 literature(Jones, 2001) 
Volume of the  water in reactor(V) m3 0.00046 0.00046 0.00046 0.00046 experiments(Jones, 2001) 
Pore water concentration(C0) µg /l 17456 13278 24116.4  11456.824 calculated based on soil load and Kd 
Depth of the  bed(l) m 0.05 0.05 0.05 0.05 experiments (Blad, 2001) 
Area of the  bed(area) m2 0.0269 0.0269 0.0269 0.0269 experiments(Jones, 2001) 
Flow  rate into  the Plant reactor (Q) m3 0.000057 0.000057 0.000057 0.000057 experiments(Jones, 2001) 
Bulk density of the  sediment(dens) grams/cm3 1.38 1.38 1.38 1.38 literature(Blad, 2001) 
Soil Water Partition Coefficient ( Kd) liters/kg 1.16 2.37 1.46 3.59 (Blad,2001) 
Porosity ----------------- 0.46 0.46 0.46 0.46 (Blad,2001) 














Fast flow conditions 
 
 
Input Parameters Units MCB 1,3DCB 1,2DCB 1,2,4 TCB Comment 
Effective Diffusivity m2/hr 4.13E-08 1.1E-08 7.2E-09 2.9E-09 fitted 
Octanol Water Partition coefficient Kow ----------------- 650 2398 2398 12589.25 literature 
Rate  coefficient (k1) gram-plant/hr 0.59 0.6 0.555 0.755 fitted 
Retention time(RT) hr 3 3 3 3 experiments (Jones,2001) 
Mass of the plant(Mp) grams 4.27 4.27 4.27 4.27 experiments 
Transpiration Rate(Qp) m3/hr 1.67E-06 1.67E-06 1.67E-06 1.67E-06 literature(Jones, 2001) 
Volume of the  water in reactor(V) m3 0.00046 0.00046 0.00046 0.00046 experiments(Jones,2001) 
Pore water concentration(C0) µg /l 21612 16767.93 28760.2 14983.2 calculated based on soil load and Kd
Depth of the  bed(l) m 0.05 0.05 0.05 0.05 expriments (Blad,2001) 
Area of the  bed(area) m2 0.0269 0.0269 0.0269 0.0269 experiments(Jones,2001) 
Flow  rate into  the Plant reactor (Q) m3 0.000159 0.000159 0.000159 0.000159 experiments(Jones,2001) 
Bulk density of the  sediment(dens) grams/cm3 1.38 1.38 1.38 1.38 literature(Blad,2001) 
Soil Water Partition Coefficient ( Kd) liters/kg 1.16 2.37 1.46 3.59 (Blad,2001) 
Porosity -------------- 0.46 0.46 0.46 0.46 (Blad,2001) 














Cyclic flow  conditions 
 
Input Parameters Units MCB 1,3DCB 1,2DCB 1,2,4 TCB Comment 
Effective Diffusivity m2/hr 2E-08 3.3E-09 2.66E-09 2.63E-09 fitted 
Octanol Water Partition coefficient Kow ----------------- 650 2398 2398 12589.254 literature 
Rate  coefficient (k1) gram-plant/hr 0.9 0.6 0.755 0.8 fitted 
Retention time(RT) hr 4.66 4.66 4.66 4.66 experiments(Jones, 2001) 
Mass of the plant(Mp) grams 4.27 4.27 4.27 4.27 experiments 
Transpiration Rate(Qp) m3/hr 1.67E-06 0.00000167 0.00000167 1.67E-06 literature(Jones, 2001) 
Volume of the  water in reactor(V) m3 0.00046 0.00046 0.00046 0.00046 experiments(Jones, 2001) 
Pore water concentration(C0) µg /l 16413.793 17805.9 29205.47   calculated based on soil load and Kd
Depth of the  bed(l) m 0.05 0.05 0.05 0.05 expriments (Blad, 2001) 
Area of the  bed(area) m2 0.0269 0.0269 0.0269 0.0269 experiments(Jones, 2001) 
Flow  rate into  the Plant reactor (Q) m3 0.000097 0.000097 0.0000987 0.0000987 experiments(Jones, 2001) 
Bulk density of the  sediment(dens) grams/cm3 1.38 1.38 1.38 1.38 literature(Blad, 2001) 
Soil Water Partition Coefficient ( Kd) liters/kg 1.16 2.37 1.46 3.59 (Blad, 2001) 
Porosity --------------- 0.46 0.46 0.46 0.46 (Blad, 2001) 


















Appendix C. Predicted Influent and Effluent Concentrations 
Predicted  values for lab-Slow Flow  Conditions 
 
Influent concentrations(µg/l) coming from sediment bed into  the plant reactor 
time  MCB predicted 1,3 DCB  predicted 1,2 DCB predicted 1,2,4 TCB predicted
4 512.02 376.469 347.881 184.201
8 398.727 266.204 245.989 130.25
12 332.13 217.355 200.849 106.349
16 289.016 188.235 173.941 92.101
20 258.819 168.362 155.577 82.377
24 236.344 153.693 142.022 75.2
28 218.83 142.292 131.487 69.622
32 204.702 133.102 122.995 65.125
36 192.996 125.49 115.96 61.4
40 183.092 119.05 110.01 58.25
44 174.572 113.51 104.89 55.539
48 167.14 108.677 100.425 53.174
52 160.583 104.414 96.485 51.088
56 154.741 100.616 92.975 49.23
60 149.494 97.204 89.823 47.561
64 144.747 94.117 86.97 46.05
68 140.426 91.307 84.374 44.675
72 136.469 88.735 81.996 43.417
76 132.829 86.368 79.809 42.259
80 129.466 84.181 77.789 41.189
84 126.346 82.152 75.914 40.196
88 123.441 80.263 74.169 39.272
92 120.728 78.499 72.538 38.409
96 118.186 76.846 71.011 37.6
100 115.798 75.294 69.576 36.84
104 113.549 73.832 68.225 36.125
108 111.427 72.452 66.95 35.45
112 109.419 71.146 65.743 34.811
116 107.516 69.909 64.6 34.205
120 105.708 68.734 63.514 33.63
124 103.99 67.616 62.481 33.084
128 102.352 66.551 61.497 32.563
132 100.789 65.535 60.558 32.065
136 99.296 64.564 59.661 31.59
140 97.867 63.635 58.803 31.136
144 96.498 62.745 57.98 30.7
148 95.185 61.891 57.191 30.283
152 93.924 61.071 56.434 29.881
156 92.712 60.283 55.706 29.496
160 91.546 59.525 55.005 29.125
164 90.423 58.795 54.33 28.767
168 89.34 58.09 53.679 28.423




Predicted  values for lab-Slow Flow  Conditions 
 
Effluent concentrations (µg/l) coming from the plant reactor 
 
time (hrs) MCB predicted 1,3 DCB predicted 1,2 DCB predicted 1,2,4 TCB  predicted
4 237.125 166.238 160.329 84.894
8 184.657 117.548 113.37 60.029
12 153.815 95.978 92.566 49.013
16 133.848 83.119 80.165 42.447
20 119.863 74.344 71.702 37.966
24 109.455 67.866 65.454 34.658
28 101.344 62.832 60.599 32.087
32 94.801 58.774 56.685 30.014
36 89.38 55.413 53.443 28.298
40 84.793 52.569 50.701 26.846
44 80.847 50.123 48.341 25.596
48 77.405 47.989 46.283 24.507
52 74.368 46.106 44.467 23.545
56 71.663 44.429 42.85 22.689
60 69.233 42.922 41.397 21.919
64 67.035 41.559 40.082 21.223
68 65.033 40.319 38.886 20.59
72 63.201 39.183 37.79 20.01
76 61.515 38.138 36.782 19.476
80 59.958 37.172 35.851 18.983
84 58.513 36.276 34.987 18.525
88 57.168 35.442 34.182 18.099
92 55.911 34.663 33.431 17.702
96 54.734 33.933 32.727 17.329
100 53.628 33.248 32.066 16.979
104 52.586 32.602 31.443 16.649
108 51.603 31.993 30.855 16.338
112 50.674 31.416 30.299 16.043
116 49.792 30.87 29.772 15.764
120 48.955 30.351 29.272 15.499
124 48.159 29.857 28.796 15.247
128 47.401 29.387 28.343 15.007
132 46.677 28.938 27.91 14.778
136 45.986 28.51 27.496 14.559
140 45.324 28.099 27.101 14.35
144 44.69 27.706 26.722 14.149
148 44.082 27.329 26.358 13.956
152 43.498 26.967 26.009 13.772
156 42.937 26.619 25.673 13.594
160 42.397 26.285 25.35 13.423
164 41.876 25.962 25.039 13.258
168 41.375 25.651 24.739 13.099
172 40.891 25.351 24.45 12.946
 
 76
Predicted  values for lab-Fast Flow  Conditions 
 
Influent concentrations (µg/l) coming from sediment bed into  the plant reactor 
 
Time(hrs) MCB predicted 1,3 DCB predicted 1,2 DCB predicted 1,2,4 TCB predicted 
4 464.609 253.491 282.897 139.027 
8 328.528 179.245 200.038 99.056 
12 268.242 146.353 163.331 80.892 
16 232.305 126.745 141.448 70.055 
20 207.78 113.365 126.515 62.659 
24 189.676 103.487 115.492 57.2 
28 175.606 95.811 106.925 52.956 
32 164.264 89.623 100.019 49.536 
36 154.87 84.497 94.299 46.703 
40 146.922 80.161 89.46 44.307 
44 140.085 76.43 85.297 42.245 
48 134.121 73.177 81.665 40.446 
52 128.859 70.306 78.461 38.859 
56 124.172 67.748 75.607 37.446 
60 119.962 65.451 73.044 36.176 
64 116.152 63.373 70.724 35.027 
68 112.684 61.481 68.613 33.982 
72 109.509 59.748 66.679 33.024 
76 106.589 58.155 64.901 32.143 
80 103.89 56.682 63.258 31.329 
84 101.386 55.316 61.733 30.574 
88 99.055 54.044 60.314 29.871 
92 96.878 52.857 58.988 29.215 
96 94.838 51.744 57.746 28.6 
100 92.922 50.698 56.579 28.022 
104 91.117 49.714 55.481 27.478 
108 89.414 48.784 54.444 26.964 
112 87.803 47.905 53.462 26.478 
116 86.276 47.072 52.533 26.018 
120 84.826 46.281 51.65 25.58 
124 83.446 45.528 50.81 25.164 
128 82.132 44.811 50.01 24.768 
132 80.878 44.127 49.246 24.39 
136 79.68 43.473 48.516 24.029 
140 78.533 42.848 47.818 23.683 
144 77.435 42.248 47.149 23.352 
148 76.381 41.674 46.508 23.034 
152 75.37 41.122 45.892 22.729 
156 74.397 40.591 45.3 22.436 
160 73.461 40.08 44.73 22.153 
164 72.56 39.589 44.181 21.881 
168 71.691 39.115 43.652 21.619 
172 70.852 38.657 43.141 21.367 
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Predicted  values for lab-Fast Flow  Conditions 
 
Effluent concentrations (µg/l) coming from the plant reactor 
Time(hrs) MCB predicted 
1,3DCB 
predicted 1,2DCB predicted 1,2,4 TCB predicted 
4 328.455 178.321 203.533 90.841 
8 232.252 126.092 143.92 64.724 
12 189.633 102.953 117.51 52.855 
16 164.227 89.16 101.767 45.774 
20 146.889 79.747 91.023 40.942 
24 134.091 72.799 83.092 37.374 
28 124.144 67.399 76.928 34.602 
32 116.126 63.046 71.96 32.367 
36 109.485 59.44 67.844 30.516 
40 103.866 56.39 64.363 28.95 
44 99.033 53.766 61.368 27.603 
48 94.817 51.477 58.755 26.428 
52 91.097 49.457 56.45 25.391 
56 87.783 47.658 54.397 24.467 
60 84.807 46.042 52.552 23.638 
64 82.114 44.58 50.883 22.887 
68 79.662 43.249 49.364 22.204 
72 77.417 42.031 47.973 21.578 
76 75.353 40.91 46.694 21.003 
80 73.445 39.874 45.511 20.471 
84 71.675 38.913 44.415 19.977 
88 70.027 38.018 43.393 19.518 
92 68.488 37.182 42.44 19.089 
96 67.046 36.4 41.546 18.687 
100 65.691 35.664 40.707 18.31 
104 64.415 34.972 39.916 17.954 
108 63.211 34.318 39.17 17.618 
112 62.072 33.699 38.464 17.301 
116 60.992 33.113 37.795 17 
120 59.967 32.557 37.16 16.714 
124 58.992 32.027 36.556 16.443 
128 58.063 31.523 35.98 16.184 
132 57.177 31.042 35.431 15.937 
136 56.329 30.582 34.906 15.7 
140 55.519 30.142 34.403 15.474 
144 54.742 29.72 33.922 15.258 
148 53.998 29.316 33.461 15.05 
152 53.282 28.927 33.017 14.851 
156 52.595 28.554 32.591 14.659 
160 51.933 28.195 32.181 14.475 
164 51.296 27.849 31.787 14.297 
168 50.682 27.515 31.406 14.126 
172 50.089 27.194 31.039 13.961 
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Predicted  values for lab-Cyclic Flow  Conditions 
 
Influent concentrations (µg/l) coming from sediment bed into  the plant reactor 
time in hours MCB predicted  1,3 DCB predicted 1,2 DCB predicted 1,2,4 TCB predicted
4 399.209 236.537 281.29 165.133
8 282.283 167.36 198.902 116.767
12 230.483 136.649 162.403 95.34
16 199.604 118.342 140.645 82.567
20 178.532 105.848 125.797 73.85
24 162.976 96.626 114.836 67.415
28 150.887 89.458 106.318 62.415
32 141.142 83.68 99.451 58.383
36 133.07 78.895 93.763 55.044
40 126.241 74.846 88.952 52.22
44 120.366 71.363 84.812 49.79
48 115.242 68.325 81.202 47.67
52 110.721 65.644 78.016 45.8
56 106.693 63.256 75.178 44.134
60 103.075 61.111 72.629 42.637
64 99.802 59.171 70.323 41.283
68 96.822 57.404 68.223 40.051
72 94.094 55.787 66.301 38.922
76 91.585 54.299 64.532 37.884
80 89.266 52.924 62.898 36.925
84 87.115 51.649 61.383 36.035
88 85.112 50.461 59.971 35.207
92 83.241 49.352 58.653 34.433
96 81.488 48.313 57.418 33.708
100 79.842 47.337 56.258 33.027
104 78.291 46.418 55.166 32.385
108 76.828 45.55 54.134 31.78
112 75.443 44.729 53.159 31.207
116 74.131 43.951 52.234 30.664
120 72.885 43.212 51.356 30.149
124 71.7 42.51 50.521 29.659
128 70.571 41.84 49.726 29.192
132 69.493 41.201 48.966 28.746
136 68.464 40.591 48.241 28.32
140 67.479 40.007 47.547 27.913
144 66.535 39.447 46.882 27.522
148 65.63 38.911 46.244 27.148
152 64.76 38.395 45.631 26.788
156 63.925 37.9 45.043 26.442
160 63.12 37.423 44.476 26.11
164 62.346 36.964 43.93 25.789
168 61.599 36.521 43.404 25.481
172 60.879 36.094 42.896 25.183
176 60.183 35.681 42.406 24.895
180 59.511 35.283 41.932 24.617
184 58.86 34.897 41.474 24.348
188 58.231 34.524 41.03 24.087
192 57.621 34.162 40.601 23.835
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Predicted  values for lab-Cyclic Flow  Conditions 
Effluent concentrations(µg/l) coming from the plant reactor 
time in hours MCB  predicted 1,3 DCB predicted 1,2 DCB predicted 1,2,4 TCB  predicted
4 233.539 142.94 154.22 88.162
8 165.137 101.136 109.05 62.34
12 134.834 82.578 89.039 50.9
16 116.77 71.514 77.11 44.081
20 104.442 63.964 68.969 39.427
24 95.342 58.391 62.96 35.992
28 88.27 54.06 58.29 33.322
32 82.569 50.568 54.525 31.17
36 77.846 47.676 51.407 29.387
40 73.852 45.23 48.769 27.879
44 70.415 43.125 46.499 26.582
48 67.417 41.289 44.519 25.45
52 64.772 39.669 42.773 24.452
56 62.416 38.226 41.217 23.562
60 60.3 36.93 39.819 22.763
64 58.385 35.757 38.555 22.04
68 56.642 34.69 37.404 21.382
72 55.046 33.712 36.35 20.78
76 53.578 32.813 35.38 20.226
80 52.221 31.982 34.485 19.714
84 50.962 31.211 33.654 19.239
88 49.791 30.494 32.88 18.796
92 48.696 29.824 32.157 18.383
96 47.671 29.196 31.48 17.996
100 46.708 28.606 30.844 17.632
104 45.801 28.05 30.245 17.29
108 44.945 27.526 29.68 16.967
112 44.135 27.03 29.145 16.661
116 43.367 26.56 28.638 16.371
120 42.638 26.113 28.157 16.096
124 41.945 25.689 27.699 15.834
128 41.284 25.284 27.262 15.585
132 40.654 24.898 26.846 15.347
136 40.052 24.529 26.448 15.12
140 39.475 24.176 26.068 14.902
144 38.923 23.838 25.703 14.694
148 38.394 23.514 25.354 14.494
152 37.885 23.202 25.018 14.302
156 37.396 22.903 24.695 14.117
160 36.926 22.615 24.384 13.94
164 36.473 22.337 24.085 13.769
168 36.036 22.07 23.797 13.604
172 35.614 21.812 23.518 13.445
176 35.207 21.562 23.25 13.291
180 34.814 21.321 22.99 13.142





Appendix D. Scale Up 
All the in put parameters  for Lab and  Field remain the  same except the parameters shown 















⎛ 11  
Even though the mass of the plants in the field varies  using  same k1  of lab for simulating  field 
condition would also imply that we use the same mass as of the lab 
For calculating  transpiration rate in field we should multiply the transpiration rate  per unit  
gram plant with Mass of the plant in the field The table below shows   the field area,  stream 
volume  flowing through area 1 and area2, and mass of the plants in  area1 and area2 
cyclic flow 
  units Area1 Area2 
Mass of the plants grams 8360990.2 40502868
Transpiration  rate m3/hr 13.96 65
influent  flow rate m3/hr 273.45 273.45
Area of the bed m2 2090.678 2090.678
Volume of the  stream m3 1274 2090.678
Retention time hr 4.66 4.66
 
Fast  flow 
  units Area1 Area2 
Mass of the plants grams 8360990.2 40502868
Transpiration  rate m3/hr 13.96 65
influent  flow rate m3/hr 424.66 424.66
Area of the bed m2 2090.678 2090.678
Volume of the  stream m3 1274 2090.678
Retention time hr 3 3
 
Slow flow   
  units Area1 Area2 
Mass of the plants grams 8360990.2 40502868
Transpiration  rate m3/hr 13.96 65
influent  flow rate m3/hr 127.425 127.425
Area of the bed m2 2090.678 2090.678
Volume of the  stream m3 1274 2090.678





Field  Simulations 
Field simulations for  Slow flow conditions for area1 Influent concentrations (µg/l) 
 
time  in hrs MCB 1,3DCB 1,2DCB 1,2,4TCB
4 19.857 13.088 12.081 5.787
8 14.041 9.255 8.552 4.444
12 11.465 7.557 6.983 3.683
16 9.929 6.544 6.047 3.199
20 8.88 5.853 5.409 2.863
24 8.107 5.343 4.938 2.614
28 7.505 4.947 4.571 2.42
32 7.021 4.627 4.276 2.264
36 6.619 4.363 4.031 2.135
40 6.279 4.139 3.825 2.025
44 5.987 3.946 3.647 1.931
48 5.732 3.778 3.491 1.849
52 5.507 3.63 3.354 1.776
56 5.307 3.498 3.232 1.712
60 5.127 3.379 3.123 1.653
64 4.964 3.272 3.024 1.601
68 4.816 3.174 2.933 1.553
72 4.68 3.085 2.851 1.509
76 4.556 3.003 2.775 1.469
80 4.44 2.927 2.704 1.432
84 4.333 2.856 2.639 1.397
88 4.234 2.79 2.579 1.365
92 4.141 2.729 2.522 1.335
96 4.053 2.672 2.469 1.307
100 3.971 2.618 2.419 1.281
104 3.894 2.567 2.372 1.256
108 3.822 2.519 2.328 1.232
112 3.753 2.473 2.286 1.21
116 3.687 2.43 2.246 1.189
120 3.625 2.39 2.208 1.169
124 3.566 2.351 2.172 1.15
128 3.51 2.314 2.138 1.132
132 3.457 2.278 2.105 1.115
136 3.405 2.245 2.074 1.098
140 3.356 2.212 2.044 1.082
144 3.31 2.181 2.016 1.067
148 3.265 2.152 1.988 1.053
152 3.221 2.123 1.962 1.039
156 3.18 2.096 1.937 1.025
160 3.14 2.069 1.912 1.013
164 3.101 2.044 1.889 1
168 3.064 2.02 1.866 0.988
172 3.028 1.996 1.844 0.977
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Field simulations for Effluent concentrations Slow flow conditions for area1 
time in hours MCB   1,3DCB 1,2DCB 1,2,4TCB
4 8.678 5.442 5.253 2.091
8 6.136 3.848 3.719 1.605
12 5.01 3.142 3.036 1.33
16 4.339 2.721 2.629 1.156
20 3.881 2.434 2.352 1.034
24 3.543 2.222 2.147 0.944
28 3.28 2.057 1.988 0.874
32 3.068 1.924 1.859 0.818
36 2.893 1.814 1.753 0.771
40 2.744 1.721 1.663 0.732
44 2.617 1.641 1.586 0.698
48 2.505 1.571 1.518 0.668
52 2.407 1.509 1.459 0.642
56 2.319 1.454 1.406 0.618
60 2.241 1.405 1.358 0.597
64 2.17 1.36 1.315 0.578
68 2.105 1.32 1.275 0.561
72 2.045 1.283 1.24 0.545
76 1.991 1.248 1.206 0.531
80 1.941 1.217 1.176 0.517
84 1.894 1.187 1.148 0.505
88 1.85 1.16 1.121 0.493
92 1.81 1.135 1.097 0.482
96 1.771 1.111 1.073 0.472
100 1.736 1.088 1.052 0.463
104 1.702 1.067 1.031 0.454
108 1.67 1.047 1.012 0.445
112 1.64 1.028 0.994 0.437
116 1.612 1.011 0.977 0.43
120 1.584 0.994 0.96 0.422
124 1.559 0.977 0.945 0.416
128 1.534 0.962 0.93 0.409
132 1.511 0.947 0.915 0.403
136 1.488 0.933 0.902 0.397
140 1.467 0.92 0.889 0.391
144 1.446 0.907 0.876 0.386
148 1.427 0.895 0.865 0.38
152 1.408 0.883 0.853 0.375
156 1.39 0.871 0.842 0.37
160 1.372 0.86 0.832 0.366
164 1.355 0.85 0.821 0.361
168 1.339 0.84 0.811 0.357
172 1.323 0.83 0.802 0.353
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Field simulations for Slow flow conditions for area 2 Influent concentrations (µg/l) 
Time  hrs MCB 1,3DCB 1,2DCB 1,2,4 TCB
4 19.861 13.088 12.081 5.787
8 14.044 9.255 8.552 4.444
12 11.467 7.557 6.983 3.683
16 9.93 6.544 6.047 3.199
20 8.882 5.853 5.409 2.863
24 8.108 5.343 4.938 2.614
28 7.507 4.947 4.571 2.42
32 7.022 4.627 4.276 2.264
36 6.62 4.363 4.031 2.135
40 6.28 4.139 3.825 2.025
44 5.988 3.946 3.647 1.931
48 5.733 3.778 3.491 1.849
52 5.508 3.63 3.354 1.776
56 5.308 3.498 3.232 1.712
60 5.128 3.379 3.123 1.653
64 4.965 3.272 3.024 1.601
68 4.817 3.174 2.933 1.553
72 4.681 3.085 2.851 1.509
76 4.556 3.003 2.775 1.469
80 4.441 2.927 2.704 1.432
84 4.334 2.856 2.639 1.397
88 4.234 2.79 2.579 1.365
92 4.141 2.729 2.522 1.335
96 4.054 2.672 2.469 1.307
100 3.972 2.618 2.419 1.281
104 3.895 2.567 2.372 1.256
108 3.822 2.519 2.328 1.232
112 3.753 2.473 2.286 1.21
116 3.688 2.43 2.246 1.189
120 3.626 2.39 2.208 1.169
124 3.567 2.351 2.172 1.15
128 3.511 2.314 2.138 1.132
132 3.457 2.278 2.105 1.115
136 3.406 2.245 2.074 1.098
140 3.357 2.212 2.044 1.082
144 3.31 2.181 2.016 1.067
148 3.265 2.152 1.988 1.053
152 3.222 2.123 1.962 1.039
156 3.18 2.096 1.937 1.025
160 3.14 2.069 1.912 1.013
164 3.102 2.044 1.889 1
168 3.065 2.02 1.866 0.988
172 3.029 1.996 1.844 0.977
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Field simulations for Effluent concentrations (µg/l) Slow flow conditions for area2 
Time  hrs MCB 1,3DCB 1,2DCB 1,2,4 TCB
4 5.359 3.313 3.239 1.276
8 3.789 2.343 2.293 0.98
12 3.094 1.913 1.872 0.812
16 2.679 1.656 1.621 0.705
20 2.397 1.482 1.45 0.631
24 2.188 1.352 1.324 0.576
28 2.025 1.252 1.226 0.534
32 1.895 1.171 1.147 0.499
36 1.786 1.104 1.081 0.471
40 1.695 1.048 1.025 0.446
44 1.616 0.999 0.978 0.426
48 1.547 0.956 0.936 0.408
52 1.486 0.919 0.899 0.392
56 1.432 0.885 0.867 0.377
60 1.384 0.855 0.837 0.365
64 1.34 0.828 0.811 0.353
68 1.3 0.803 0.787 0.342
72 1.263 0.781 0.764 0.333
76 1.229 0.76 0.744 0.324
80 1.198 0.741 0.725 0.316
84 1.169 0.723 0.708 0.308
88 1.143 0.706 0.691 0.301
92 1.117 0.691 0.676 0.294
96 1.094 0.676 0.662 0.288
100 1.072 0.663 0.649 0.282
104 1.051 0.65 0.636 0.277
108 1.031 0.638 0.624 0.272
112 1.013 0.626 0.613 0.267
116 0.995 0.615 0.602 0.262
120 0.978 0.605 0.592 0.258
124 0.962 0.595 0.582 0.254
128 0.947 0.586 0.573 0.25
132 0.933 0.577 0.565 0.246
136 0.919 0.568 0.556 0.242
140 0.906 0.56 0.548 0.239
144 0.893 0.552 0.54 0.235
148 0.881 0.545 0.533 0.232
152 0.869 0.537 0.526 0.229
156 0.858 0.53 0.519 0.226
160 0.847 0.524 0.513 0.223
164 0.837 0.517 0.506 0.22
168 0.827 0.511 0.5 0.218
172 0.817 0.505 0.495 0.215
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Field simulations Fast flow conditions for area 1 Influent concentrations (µg/l) 
time in hrs MCB 1,3 DCB 1,2 DCB 1,2,4 TCB
4 13.518 7.283 8.231 3.994
8 9.558 5.15 5.82 2.846
12 7.804 4.205 4.752 2.324
16 6.759 3.641 4.115 2.013
20 6.045 3.257 3.681 1.8
24 5.519 2.973 3.36 1.643
28 5.109 2.753 3.111 1.521
32 4.779 2.575 2.91 1.423
36 4.506 2.428 2.744 1.342
40 4.275 2.303 2.603 1.273
44 4.076 2.196 2.482 1.214
48 3.902 2.102 2.376 1.162
52 3.749 2.02 2.283 1.116
56 3.613 1.946 2.2 1.076
60 3.49 1.88 2.125 1.039
64 3.379 1.821 2.058 1.006
68 3.279 1.766 1.996 0.976
72 3.186 1.717 1.94 0.949
76 3.101 1.671 1.888 0.923
80 3.023 1.628 1.84 0.9
84 2.95 1.589 1.796 0.878
88 2.882 1.553 1.755 0.858
92 2.819 1.519 1.716 0.839
96 2.759 1.487 1.68 0.822
100 2.704 1.457 1.646 0.805
104 2.651 1.428 1.614 0.789
108 2.601 1.402 1.584 0.775
112 2.555 1.376 1.555 0.761
116 2.51 1.352 1.528 0.747
120 2.468 1.33 1.503 0.735
124 2.428 1.308 1.478 0.723
128 2.39 1.287 1.455 0.712
132 2.353 1.268 1.433 0.701
136 2.318 1.249 1.412 0.69
140 2.285 1.231 1.391 0.68
144 2.253 1.214 1.372 0.671
148 2.222 1.197 1.353 0.662
152 2.193 1.181 1.335 0.653
156 2.165 1.166 1.318 0.645
160 2.137 1.151 1.301 0.636
164 2.111 1.137 1.285 0.629
168 2.086 1.124 1.27 0.621
172 2.061 1.111 1.255 0.614
 
 86
Field simulations for Effluent concentrations (µg/l) -Slow flow conditions for area1 
time in hrs MCB 1,3 DCB 1,2 DCB 1,2,4 TCB
4 9.556 5.123 5.922 2.61
8 6.757 3.622 4.187 1.859
12 5.517 2.958 3.419 1.518
16 4.778 2.561 2.961 1.315
20 4.274 2.291 2.648 1.176
24 3.901 2.091 2.418 1.074
28 3.612 1.936 2.238 0.994
32 3.379 1.811 2.094 0.93
36 3.185 1.708 1.974 0.877
40 3.022 1.62 1.873 0.832
44 2.881 1.545 1.785 0.793
48 2.759 1.479 1.709 0.759
52 2.65 1.421 1.642 0.729
56 2.554 1.369 1.583 0.703
60 2.467 1.323 1.529 0.679
64 2.389 1.281 1.48 0.658
68 2.318 1.242 1.436 0.638
72 2.252 1.207 1.396 0.62
76 2.192 1.175 1.359 0.603
80 2.137 1.146 1.324 0.588
84 2.085 1.118 1.292 0.574
88 2.037 1.092 1.263 0.561
92 1.993 1.068 1.235 0.548
96 1.951 1.046 1.209 0.537
100 1.911 1.025 1.184 0.526
104 1.874 1.005 1.161 0.516
108 1.839 0.986 1.14 0.506
112 1.806 0.968 1.119 0.497
116 1.775 0.951 1.1 0.488
120 1.745 0.935 1.081 0.48
124 1.716 0.92 1.064 0.472
128 1.689 0.906 1.047 0.465
132 1.664 0.892 1.031 0.458
136 1.639 0.879 1.016 0.451
140 1.615 0.866 1.001 0.445
144 1.593 0.854 0.987 0.438
148 1.571 0.842 0.974 0.432
152 1.55 0.831 0.961 0.427
156 1.53 0.82 0.948 0.421
160 1.511 0.81 0.936 0.416
164 1.492 0.8 0.925 0.411
168 1.475 0.79 0.914 0.406
172 1.457 0.781 0.903 0.401
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Field simulations Fast flow conditions for area 2 Influent concentrations (µg/l) 
time in hrs MCB 1,3DCB 1,2 DCB 1,2,4TCB
4 13.518 7.283 8.231 3.994
8 9.558 5.15 5.82 2.846
12 7.804 4.205 4.752 2.324
16 6.759 3.641 4.115 2.013
20 6.045 3.257 3.681 1.8
24 5.519 2.973 3.36 1.643
28 5.109 2.753 3.111 1.521
32 4.779 2.575 2.91 1.423
36 4.506 2.428 2.744 1.342
40 4.275 2.303 2.603 1.273
44 4.076 2.196 2.482 1.214
48 3.902 2.102 2.376 1.162
52 3.749 2.02 2.283 1.116
56 3.613 1.946 2.2 1.076
60 3.49 1.88 2.125 1.039
64 3.379 1.821 2.058 1.006
68 3.279 1.766 1.996 0.976
72 3.186 1.717 1.94 0.949
76 3.101 1.671 1.888 0.923
80 3.023 1.628 1.84 0.9
84 2.95 1.589 1.796 0.878
88 2.882 1.553 1.755 0.858
92 2.819 1.519 1.716 0.839
96 2.759 1.487 1.68 0.822
100 2.704 1.457 1.646 0.805
104 2.651 1.428 1.614 0.789
108 2.601 1.402 1.584 0.775
112 2.555 1.376 1.555 0.761
116 2.51 1.352 1.528 0.747
120 2.468 1.33 1.503 0.735
124 2.428 1.308 1.478 0.723
128 2.39 1.287 1.455 0.712
132 2.353 1.268 1.433 0.701
136 2.318 1.249 1.412 0.69
140 2.285 1.231 1.391 0.68
144 2.253 1.214 1.372 0.671
148 2.222 1.197 1.353 0.662
152 2.193 1.181 1.335 0.653
156 2.165 1.166 1.318 0.645
160 2.137 1.151 1.301 0.636
164 2.111 1.137 1.285 0.629
168 2.086 1.124 1.27 0.621
172 2.061 1.111 1.255 0.614
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Field simulations for Effluent concentrations (µg/l) -Slow flow conditions for area 2 
 
time in hrs MCB 1,3DCB 1,2 DCB 1,2,4TCB
4 9.11 5.123 5.922 2.61
8 6.442 3.622 4.187 1.859
12 5.26 2.958 3.419 1.518
16 4.555 2.561 2.961 1.315
20 4.074 2.291 2.648 1.176
24 3.719 2.091 2.418 1.074
28 3.443 1.936 2.238 0.994
32 3.221 1.811 2.094 0.93
36 3.037 1.708 1.974 0.877
40 2.881 1.62 1.873 0.832
44 2.747 1.545 1.785 0.793
48 2.63 1.479 1.709 0.759
52 2.527 1.421 1.642 0.729
56 2.435 1.369 1.583 0.703
60 2.352 1.323 1.529 0.679
64 2.278 1.281 1.48 0.658
68 2.21 1.242 1.436 0.638
72 2.147 1.207 1.396 0.62
76 2.09 1.175 1.359 0.603
80 2.037 1.146 1.324 0.588
84 1.988 1.118 1.292 0.574
88 1.942 1.092 1.263 0.561
92 1.9 1.068 1.235 0.548
96 1.86 1.046 1.209 0.537
100 1.822 1.025 1.184 0.526
104 1.787 1.005 1.161 0.516
108 1.753 0.986 1.14 0.506
112 1.722 0.968 1.119 0.497
116 1.692 0.951 1.1 0.488
120 1.663 0.935 1.081 0.48
124 1.636 0.92 1.064 0.472
128 1.61 0.906 1.047 0.465
132 1.586 0.892 1.031 0.458
136 1.562 0.879 1.016 0.451
140 1.54 0.866 1.001 0.445
144 1.518 0.854 0.987 0.438
148 1.498 0.842 0.974 0.432
152 1.478 0.831 0.961 0.427
156 1.459 0.82 0.948 0.421
160 1.44 0.81 0.936 0.416
164 1.423 0.8 0.925 0.411
168 1.406 0.79 0.914 0.406
172 1.389 0.781 0.903 0.401
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Field simulations Cyclic flow conditions for area 1 Influent concentrations (µg/l) 
 
time in hrs MCB 1,3DCB 1,2 DCB 1,2,4 TCB
4 3.4 8.179 6.818 5.787
8 2.404 5.783 4.826 4.444
12 1.963 4.722 3.941 3.683
16 1.7 4.089 3.413 3.199
20 1.521 3.658 3.052 2.863
24 1.388 3.339 2.786 2.614
28 1.285 3.091 2.58 2.42
32 1.202 2.892 2.413 2.264
36 1.133 2.726 2.275 2.135
40 1.075 2.586 2.158 2.025
44 1.025 2.466 2.058 1.931
48 0.982 2.361 1.97 1.849
52 0.943 2.268 1.893 1.776
56 0.909 2.186 1.824 1.712
60 0.878 2.112 1.762 1.653
64 0.85 2.045 1.706 1.601
68 0.825 1.984 1.655 1.553
72 0.801 1.928 1.609 1.509
76 0.78 1.876 1.566 1.469
80 0.76 1.829 1.526 1.432
84 0.742 1.785 1.489 1.397
88 0.725 1.744 1.455 1.365
92 0.709 1.705 1.423 1.335
96 0.694 1.67 1.393 1.307
100 0.68 1.636 1.365 1.281
104 0.667 1.604 1.339 1.256
108 0.654 1.574 1.314 1.232
112 0.643 1.546 1.29 1.21
116 0.631 1.519 1.267 1.189
120 0.621 1.493 1.246 1.169
124 0.611 1.469 1.226 1.15
128 0.601 1.446 1.207 1.132
132 0.592 1.424 1.188 1.115
136 0.583 1.403 1.171 1.098
140 0.575 1.382 1.154 1.082
144 0.567 1.363 1.138 1.067
148 0.559 1.345 1.122 1.053
152 0.552 1.327 1.107 1.039
156 0.545 1.31 1.093 1.025
160 0.538 1.293 1.079 1.013
164 0.531 1.277 1.066 1
168 0.525 1.262 1.053 0.988
172 0.519 1.247 1.041 0.977
176 0.513 1.233 1.029 0.965
180 0.507 1.219 1.017 0.955
184 0.501 1.206 1.006 0.944
188 0.496 1.193 0.996 0.934
192 0.491 1.181 0.985 0.924
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Field simulations Cyclic flow conditions for area 1Effluent concentrations (µg/l) 
 
time in hrs MCB 1,3DCB 1,2 DCB 1,2,4 TCB
4 2.125 4.942 4.246 2.091
8 1.503 3.495 3.006 1.605
12 1.227 2.854 2.454 1.33
16 1.062 2.471 2.125 1.156
20 0.95 2.21 1.901 1.034
24 0.867 2.018 1.735 0.944
28 0.803 1.868 1.607 0.874
32 0.751 1.747 1.503 0.818
36 0.708 1.647 1.417 0.771
40 0.672 1.563 1.344 0.732
44 0.641 1.49 1.282 0.698
48 0.613 1.427 1.227 0.668
52 0.589 1.371 1.179 0.642
56 0.568 1.321 1.136 0.618
60 0.549 1.276 1.098 0.597
64 0.531 1.236 1.063 0.578
68 0.515 1.199 1.031 0.561
72 0.501 1.165 1.002 0.545
76 0.487 1.134 0.975 0.531
80 0.475 1.105 0.95 0.517
84 0.464 1.079 0.928 0.505
88 0.453 1.054 0.906 0.493
92 0.443 1.031 0.886 0.482
96 0.434 1.009 0.868 0.472
100 0.425 0.988 0.85 0.463
104 0.417 0.969 0.834 0.454
108 0.409 0.951 0.818 0.445
112 0.402 0.934 0.803 0.437
116 0.395 0.918 0.789 0.43
120 0.388 0.902 0.776 0.422
124 0.382 0.888 0.763 0.416
128 0.376 0.874 0.751 0.409
132 0.37 0.86 0.74 0.403
136 0.364 0.848 0.729 0.397
140 0.359 0.835 0.718 0.391
144 0.354 0.824 0.708 0.386
148 0.349 0.813 0.699 0.38
152 0.345 0.802 0.69 0.375
156 0.34 0.791 0.681 0.37
160 0.336 0.781 0.672 0.366
164 0.332 0.772 0.664 0.361
168 0.328 0.763 0.656 0.357
172 0.324 0.754 0.648 0.353
176 0.32 0.745 0.641 0.349
180 0.317 0.737 0.634 0.345
184 0.313 0.729 0.627 0.341
188 0.31 0.721 0.62 0.337
192 0.307 0.713 0.614 0.334
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Field simulations Cyclic flow conditions for area 2 Influent concentrations (µg/l) 
 
time in hrs MCB 1,3DCB 1,2 DCB 1,2,4 TCB
4 7.297 8.179 6.818 5.787
8 5.16 5.783 4.826 4.444
12 4.213 4.722 3.941 3.683
16 3.649 4.089 3.413 3.199
20 3.263 3.658 3.052 2.863
24 2.979 3.339 2.786 2.614
28 2.758 3.091 2.58 2.42
32 2.58 2.892 2.413 2.264
36 2.432 2.726 2.275 2.135
40 2.308 2.586 2.158 2.025
44 2.2 2.466 2.058 1.931
48 2.107 2.361 1.97 1.849
52 2.024 2.268 1.893 1.776
56 1.95 2.186 1.824 1.712
60 1.884 2.112 1.762 1.653
64 1.824 2.045 1.706 1.601
68 1.77 1.984 1.655 1.553
72 1.72 1.928 1.609 1.509
76 1.674 1.876 1.566 1.469
80 1.632 1.829 1.526 1.432
84 1.592 1.785 1.489 1.397
88 1.556 1.744 1.455 1.365
92 1.522 1.705 1.423 1.335
96 1.49 1.67 1.393 1.307
100 1.459 1.636 1.365 1.281
104 1.431 1.604 1.339 1.256
108 1.404 1.574 1.314 1.232
112 1.379 1.546 1.29 1.21
116 1.355 1.519 1.267 1.189
120 1.332 1.493 1.246 1.169
124 1.311 1.469 1.226 1.15
128 1.29 1.446 1.207 1.132
132 1.27 1.424 1.188 1.115
136 1.251 1.403 1.171 1.098
140 1.233 1.382 1.154 1.082
144 1.216 1.363 1.138 1.067
148 1.2 1.345 1.122 1.053
152 1.184 1.327 1.107 1.039
156 1.168 1.31 1.093 1.025
160 1.154 1.293 1.079 1.013
164 1.14 1.277 1.066 1
168 1.126 1.262 1.053 0.988
172 1.113 1.247 1.041 0.977
176 1.1 1.233 1.029 0.965
180 1.088 1.219 1.017 0.955
184 1.076 1.206 1.006 0.944
188 1.064 1.193 0.996 0.934
192 1.053 1.181 0.985 0.924
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Field simulations Cyclic flow conditions for area 2Effluent concentrations (µg/l) 
 
time in hrs MCB 1,3DCB 1,2 DCB 1,2,4 TCB
4 4.115 4.438 3.83 1.276
8 2.91 3.138 2.712 0.98
12 2.376 2.562 2.214 0.812
16 2.058 2.219 1.917 0.705
20 1.84 1.985 1.715 0.631
24 1.68 1.812 1.565 0.576
28 1.555 1.677 1.449 0.534
32 1.455 1.569 1.356 0.499
36 1.372 1.479 1.278 0.471
40 1.301 1.403 1.213 0.446
44 1.241 1.338 1.156 0.426
48 1.188 1.281 1.107 0.408
52 1.141 1.231 1.064 0.392
56 1.1 1.186 1.025 0.377
60 1.063 1.146 0.99 0.365
64 1.029 1.109 0.959 0.353
68 0.998 1.076 0.93 0.342
72 0.97 1.046 0.904 0.333
76 0.944 1.018 0.88 0.324
80 0.92 0.992 0.857 0.316
84 0.898 0.968 0.837 0.308
88 0.877 0.946 0.818 0.301
92 0.858 0.925 0.8 0.294
96 0.84 0.906 0.783 0.288
100 0.823 0.888 0.767 0.282
104 0.807 0.87 0.752 0.277
108 0.792 0.854 0.738 0.272
112 0.778 0.839 0.725 0.267
116 0.764 0.824 0.712 0.262
120 0.751 0.81 0.7 0.258
124 0.739 0.797 0.689 0.254
128 0.727 0.784 0.678 0.25
132 0.716 0.772 0.668 0.246
136 0.706 0.761 0.658 0.242
140 0.696 0.75 0.648 0.239
144 0.686 0.74 0.639 0.235
148 0.677 0.73 0.63 0.232
152 0.668 0.72 0.622 0.229
156 0.659 0.711 0.614 0.226
160 0.651 0.702 0.606 0.223
164 0.643 0.693 0.599 0.22
168 0.635 0.685 0.592 0.218
172 0.628 0.677 0.585 0.215
176 0.62 0.669 0.578 0.213
180 0.613 0.662 0.572 0.21
184 0.607 0.654 0.565 0.208
188 0.6 0.647 0.559 0.206
192 0.594 0.641 0.553 0.204
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Appendix E. Code 
Code in Visual Fortran: 
 
real l, d, de, rf, x, Kow, k1, RT, Mp, SCF, Qp, k2 
  
real V, kn, K, t, C0, n, nj, E, kd, part, tau 
 
 real(8)  betan, pn, b, M, ainflux, aincon, aeffcon, BG 
 
 open (1,file='input.dat') 
 
 open (2,file='output.dat') 
 
 read (1,*) d, Kow, k1, RT, Mp, Qp, V, C0, l, area, Q, dens, kd, por, nj 
 














 a =(((22/7)/l)*0.5)**2*(1/rf)  
 





















aeffcon = aincon/K 
 
 print*, t, aincon, aeffcon 
  
 write(2,20) t, aincon, aeffcon 
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